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Abstract
At/  Ar thermochronology is commonly used to constrain the timing, and rates, of 
cooling in exhumed metamorphic terranes. Metamorphic micas that crystallise at high 
temperatures are usually considered to lose 40Ar via thermally-activated volume diffusion, 
and the resulting age is commonly linked to temperature via Dodson’s closure temperature 
(Tc) formulation. 40Ar/39Ar ages from many metamorphic terranes commonly do not fit 
within a chronological framework defined by other, higher T chronometers, such as U-Pb 
zircon, suggesting that linking age to temperature via pure open system diffusion may not 
always be a correct interpretation.
The Western Gneiss Region of Norway documents isothermal decompression from high 
pressures (from -3.0 GPa to -1.0 GPa) at 700°C. White mica, biotite, amphibole, and 
feldspar single grain fusion and laser ablation 40Ar/39Ar ages yield a broad range that spans 
the known timing of the metamorphic cycle and that cannot be readily reconciled with 
models of simple thermal diffusion.
Instead, the 40Ar/39Ar data record the cumulative effects of a complex interplay of 
processes that affected the rocks during decompression and exhumation. Recrystallization, 
deformation, partial melting, and fluid infiltration all acted to add or remove Ar from the 
system at different times in different lithologies. Samples that show significant 
recrystallization and deformation yield younger white mica but older biotite ages than 
more pristine samples. Furthermore, migmatisation acted to make biotite ages younger in 
the amphibolite-facies gneisses whereas fluid infiltration acted to increase biotite ages. 
Data from white mica breaking down to form a symplectite of biotite and plagioclase show 
that during recrystallization, Ar was not lost to the grain boundary, but instead becomes 
incorporated into biotite and plagioclase.
These physical processes appear to have dominated over thermally-activated volume 
diffusion as the means by which Ar was (re)distributed within, and between, different 
lithologies. Overall, these data support the observation that 40Ar/39Ar ages from K-bearing 
minerals in high-temperature and high-pressure metamorphic terranes may not always be 
interpretable as cooling ages and that metamorphic 40Ar/39Ar ages require careful 
assessment with respect to metamorphic stage and petrographic evolution.
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Chapter 1: Introduction
Radioisotopic dating, known as geochronology, is a technique that uses the natural 
radioactive decay of one element to another to measure time. The commonest used 
methods in the study of metamorphic rocks and metamorphic timescales are lutetium- 
hafnium (Lu-Hf), samarium-neodymium (Sm-Nd), uranium-lead (U-Pb) and potassium- 
argon (K-Ar). Each of these methods can be used to date particular parts of the 
metamorphic cycle. Lu-Hf and Sm-Nd analysis of garnet provides timings of the prograde 
metamorphic path (Duchene et al., 1997). U-Pb dating of zircon can be used to constrain 
timing of peak metamorphism and K-Ar dating of micas provides details of the cooling 
history (Root et al., 2004, McDougall & Harrison 1999). This thesis will focus on the use 
of K-Ar dating, via the 40Ar/39Ar method, to understanding the cooling history of a 
metamorphic terrane, the effects the metamorphic cycle has on the K-Ar chronometer, and 
the consequences for understanding cooling or recrystallization histories.
1.1 The 40Ar/39Ar Dating Method
The K-Ar method, sensu stricto, requires the individual measurements of the 
concentrations of K and Ar isotopes (Dalrymple & Lanphere 1969). For K-Ar dating, 
measurement was performed using separate aliquots of a sample, which were then 
measured using two different instruments (commonly a flame photometer and a gas source 
mass spectrometer). The drawbacks of this method is that large volumes of material were 
required and the use of two different instruments and additional weighing errors leading to 
large errors on the resulting age (McDougall & Harrison 1999). An advance of the K-Ar 
method is 40Ar/39Ar dating (Merrihue & Turner 1966). 39K is converted to 39Ar via fast 
neutron bombardment in a nuclear reactor. 40Ar and 39Ar (which is a proxy for the 39K) can 
thus be measured using a single mass spectrometer, reducing the uncertainty (McDougall 
& Harrison 1999).
40Ar/39Ar chronology is a relative dating method and ages are calculated relative to a 
standard of a known age. The standard, which is irradiated in conjunction with the
on on
unknowns, acts as a monitor for the neutron flux that converts the K to Ar that the 
unknown receives during the irradiation process. This neutron flux is calculated into a J- 
value which allows ages to be calculated by comparison with the 40Ar/39Ar age of the 
known standard (McDougall & Harrison 1999).
The age equation is defined as:
(1.1)
2
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Where t is time, X is the decay constant of 40K to 40Ar, 40A r* f9ArK is the ratio of radiogenic 
40Ar to 39Ar produced from 39K, and J  is the irradiation parameter (a measure of the 
neutron flux and thus a measure of how much 39K is converted to 39Ar. J  is defined by the 
equation:
( e x p H ) - l  
1 A r*/  Ar% { >
Where t, in this case, is the age of the standard (which is known) and that was irradiated in 
in conjunction with the unknowns. The 40Ar/39K ratio is proportional to the 40Ar/39Ar ratio 
and is therefore proportional to the age. This is because the production of 39Ar from 39K 
depends on the concentration of K present in the sample and measurements of the 
40K/39K ratio in natural systems indicates variations less than 1 per mil, a variation which is 
well within the experimental errors so it is valid to assume a single, constant natural ratio 
(McDougall & Harrison 1999).
The 40Ar/39Ar method is used to date K-bearing igneous and metamorphic rocks (e.g. 
whole-rock basalts where the grain size is fine or on mineral separates from coarser- 
grained lithologies such as granites and gneisses; McDougall & Harrison (1999)). The 
most commonly dated minerals in metamorphic rocks are white micas (muscovite and/or 
its high-pressure equivalent phengite), biotite, amphibole, and alkali feldspars (McDougall 
& Harrison 1999).
1.1.1 Diffusion and the Closure Temperature Formulation
The 40Ar/39Ar dating technique, unlike other geochronometers such as U-Pb, is regarded as 
a thermochronometer as generally there is less 40Ar within a mineral than expected for age 
of crystal formation given the radioactive decay of the parent isotope 40K. This is because 
Ar, being a noble gas and geochemically inert, does not bond to the mineral structure 
and/or lattice. This inert nature makes Ar more mobile than many other elements, and at 
elevated temperatures Ar is able to escape from a mineral via diffusion.
Diffusion of a radiogenic element within geological materials below recrystallization or 
melting temperatures is assumed to be predominately controlled by temperature (i.e. is 
thermally activated), and the concentration of the diffusing species (i.e. radiogenic Ar) is 
governed by a modified version of Fick’s 2nd Law of diffusion:
f  = + 5 (»-3)
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Where 0  is the concentration of 40Ar and t is time. X  is the diffusion length and D is the 
temperature (7)-dependent diffusion coefficient determined by the pre-exponential 
coefficient Do, the activation energy Ea and the gas constant R defined by the equation:
D = D0e(-£“/R7') (1.4)
S is the source term and relates the production of 40Ar via the radioactive decay of 4,IK 
within the grain and is defined by the equation:
S = (1.5)
Where /. is the total decay constant of K to Ar, [ K]i is the concentration of 40K at time 
zero (Dodson 1973).
Dodson (1973) provided an analytical solution to the diffusion equation which provided a 
simple way of relating age to cooling rate. This solution, known as the closure temperature 
formulation or Tc, is defined by the equation:
^c [Ealn{ArD0/ a 2)] ( 1* )^
In which R is the universal gas constant, Ea is the activation energy, A is a numerical 
constant that depends on mineral geometry, a is a characteristic diffusion radius, Do is the 
pre-exponential component, and r is the time constant at which the diffusion coefficient 
(D) diminishes. It is this function t  that relates the Tc to cooling rate by:
( E a d T - i / d t ) (Ead T /d t )  V * '
It is important to note that the calculation of the Tc requires that the cooling rate (dT/dt) be 
estimated, however the cooling rate is one of the unknown variables, causing the 
formulation to be circular (Warren et al, 2012c). However, the other variables of Do, E  and 
a within the formulation have a much greater influence than cooling rate (Lee 2009).
The Tc formulation is best applied to systems that experienced a simple, slow, 1/T-shaped, 
cooling history. This 1/T cooling rate is the main mathematical assumption inherent within 
the Tc formulation. It is assumed that40Ar is able to diffuse out of the mineral grain and is 
lost to the grain boundary medium (which is assumed to act as an infinite reservoir with a 
zero concentration of Ar). As the system begins to cool, Ar will become progressively 
retained within the mineral (Fig. 1.1).
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Fig. 1.1. A schematic representation o f the Dodson (1973) closure temperature (Tc) 
showing that with decreasing time and temperature, Ar retention increases within a 
grain until all Ar is retained, thereby age = temperature. Modified after (McDougall & 
Harrison 1999).
This retention is not instantaneous and occurs across a temperature interval; therefore the 
value o f Tc is an estimated average temperature at the time o f the grain’s apparent age.
The formulation only holds true when the following assumptions regarding the behaviour 
of Ar can be deemed to be in operation during the exhumation and cooling path:
(1) That the concentration of Ar within a grain is governed only by thermally-activated 
volume diffusion that adheres to Fick’s 2nd law o f diffusion (modified for a source term),
(2) That the mineral grain crystallised or recrystallized with no inherited 40Ar within its 
crystal lattice, and
(3) That the grain boundary network operates as an ‘open system’, i.e. that the 
concentration o f Ar in the grain boundary is negligible such that the grain boundary 
network acts as an ‘infinite’ sink for Ar.
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However, some of these assumptions may not hold true for rocks that experience 
metamorphic cycles. In all metamorphic systems, rocks experience changes in pressure and 
temperature with time during their evolution, which may follow rapid metamorphic cycles. 
Mineralogical changes, changes in mineral grain size, and the extent to which the system is 
open or closed to the loss of Ar during the metamorphic cycle may affect how Ar partitions 
between the mineral and the grain boundary. Furthermore, temperatures may be too low 
during the metamorphic cycle for Ar to efficiently diffuse out of a mineral. In addition, if 
temperatures are high, and there are measureable amounts of Ar in the grain boundary, Ar 
can diffuse into the mineral from the grain boundary if the mineral/fluid partition 
coefficients are not very low. These effects can cause one or more of the assumption within 
the Tc formulation to become invalid. Therefore, 40Ar/39Ar ages from rocks that experience 
metamorphic cycles require careful interpretation before they can be linked to either 
cooling or crystallisation, this is particularly important in dry rocks or during short 
metamorphic cycles.
The evaluation and understanding of how Ar is incorporated, released and transported 
within and between different minerals during a metamorphic cycle is therefore key to the 
interpretation of metamorphic 40Ar/39Ar data, especially with regards to linking ‘age’ to 
‘stage’ along the pressure-temperature (P-T) path, and it is important to constrain 
how/where Ar is produced, stored and transported during exhumation-related, retrograde 
metamorphic reactions.
1.1.2 40Ar/39Ar Dating Techniques
Three techniques have chiefly been employed in 40Ar/39Ar thermochronology. These are 
step heating (of single or multiple grains), single grain fusion and in-situ laser ablation 
analyses. In step heating samples are heated incrementally, starting at low temperatures and 
increased until the sample fuses, with Ar released and measured at each temperature 
increment. A series of steps is produced which are commonly plotted as the apparent 
40Ar/39Ar age vs. the cumulative proportion of 39Ar released (McDougall & Harrison 
1999). This plot is known as an age spectrum and will yield a flat profile, or plateau, if the 
rock and/or mineral have been closed to the loss or gain of Ar (McDougall & Harrison 
1999).
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Fig. 1.2. A schematic representation of ‘disturbed’ step heating spectra. A) A 
staircase profile, and B) a ‘hump’ shaped step heating profile.
Analysis of micas via the step heating method also commonly yields ‘staircase’ or ‘hump­
shaped’ non-plateau spectra (Fig. 1.2). These complex spectra have been attributed to the 
heterogeneous breakdown of micas during heating, the presence of a mixture of mineral 
compositions, or disturbed system including addition of excess argon (Sletten & Onstott 
1998, Di Vincenzo 2006). This is problematic because complex age spectra may not yield a 
resolvable age and also the step heating method may mask the underlying Ar heterogeneity.
Single grain fusion is the analysis of individual mineral grains that, unlike the step heating 
method, are fused in one step, producing a bulk mineral age. This method allows for a 
more rapid collection of 40Ar/39Ar age data and allows for the analysis of many different 
mineral separates from the same sample so that the age variability within a rock can be 
assessed.
Finally in-situ laser ablation 40Ar/39Ar analysis can be performed on mineral separates or 
on polished slabs, providing key spatial context to the resulting 40Ar/39Ar ages. The in-situ 
technique is a useful tool for mapping intra- and inter-grain age heterogeneities. Step 
heating and single grain fusion techniques are commonly only used to analyse a single 
mineral species, such as muscovite or biotite, whereas the in-situ technique can be used to 
analyse these minerals as well as other K- and non K-bearing minerals (e.g. quartz, 
feldspar, garnet) that may be acting as sources or sinks for Ar.
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Fig. 1.3. Examples of core-rim in-situ analyses from white micas modified after 
(Warren et al., 2012a), showing A) relatively flat profiles, and B) heterogeneous core- 
rim 40Ar/39Ar age profiles. Note the solid, dashed, and dotted lines represent different 
profiles in different grains.
The in-situ method also provides the opportunity for collecting core-rim age profiles that 
allow for the testing of whether or not diffusion has occurred within the grain (Fig. 1.3).
1.2 HP Pressure Metamorphism
High-pressure (HP) metamorphism occurs when oceanic and/or continental crustal 
material is subducted during oceanic-continent and continent-continent collisions. 
Subduction results in the transport of the oceanic and/or continental crust to mantle depths. 
The presence of HP metamorphic rocks at the Earth’s surface testifies to exhumation of 
these rocks from mantle to crustal depths. HP terranes typically contain lenses of mafic 
lithologies enclosed within crustal rocks that are of either metasedimentary (marbles and 
schists) and/or igneous (quartzofeldspathic gneisses) origin. Although these crustal rocks 
record lower pressures than the mafic lithologies, they experienced the same P-T history 
(Chopin 1984). The lithologies include blueschists that are characterised by the presence of 
the blue amphibole glaucophane, and eclogites with their characteristic gamet-omphacite 
(a HP Na-pyroxene) mineral assemblage. Eclogites were first identified as a HP lithology 
by Eskola (1921) in the Western Gneiss Region (WGR) of Norway.
Studies by Smith (1984) and Chopin (1984) identified coesite (a variant of quartz that is 
stable at P > 2.6 GPa) in the mafic eclogites of the Western Gneiss Region and the Alps, 
respectively. This discovery showed that crustal rocks could be subducted to depths of at 
least 100 km and exhumed back to the Earth’s surface. The study of HP and ultrahigh-
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pressure (UHP) metamorphic terranes offers a fascinating insight into the geodynamics of 
orogenic cycles, in particular, how and when continental crust is subducted to mantle 
depths and subsequently returned to the surface. However, while the subduction-related 
processes are fairly well understood, how these rocks are exhumed to the surface still 
remains a matter of controversy.
Numerous mechanisms have been proposed for the exhumation of (U)HP terranes through 
the mantle and crust (Hacker & Gerya 2013). These include processes such as eduction, 
whereby the subducted (U)HP rocks are exhumed due to a reversal in the direction of 
subduction, rollback of the subducted crustal slab, channel flow, and buoyancy-driven 
processes due to continental crust being less dense than the mantle into which it has been 
subducted (Hacker & Gerya 2013). The latter two processes have been proposed for the 
exhumation of small (U)HP terranes, while eduction and buoyancy have been proposed as 
the mechanism by which the WGR was exhumed (Andersen et al., 1991, Hacker & Gerya 
2013).
The mechanisms of exhumation are based on numerical modelling and/or tectonic studies 
of exhumed HP metamorphic terranes. The key to determining the mechanism of 
exhumation is providing temporal constraints on the rates and timings at which exhumation 
occurs. The 40Ar/39Ar thermochronological technique is a powerful tool in understanding 
the mechanism of exhumation since age should be able to be linked to temperature, via the 
Dodson Tc formulation, and therefore to a specific point along a metamorphic P-T path.
1.2.1 Previous 40Ar/39Ar Studies of HP Metamorphic Terranes
For many decades, 40Ar/39Ar thermochronology has been applied to the decompression and 
cooling histories of many HP metamorphic terranes (Armstrong et al, 1966, Clark & Jager 
1969, Copeland et al., 1987, Foster et al., 1990, Baldwin et al., 1993, Sherlock et al., 1999, 
Warren et al., 2011, Warren et al, 2012a). However, it has become increasingly apparent 
that many HP metamorphic terranes yield 40Ar/39Ar ages that cannot be interpreted as the 
result of cooling through a Tc. Analysis of white mica, biotite (± amphibole) from many 
HP terranes commonly yield ages that are older than expected given the P-T history of the 
HP terrane. 40Ar/39Ar ages are commonly older than the timing of peak metamorphic 
conditions, older than the timing of mica crystallisation, or yield 40Ar/39Ar ages that span 
the entirely of the HP metamorphic cycle. (Sherlock & Kelley 2002, Putlitz et al, 2005, De 
Sigoyer et al, 2000, Warren et al, 2011, Warren et al, 2012a, Li et al, 1999, Villa 1997,
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Hacker et al., 2003, Di Vincenzo 2006). Common interpretations for these elevated ages 
include:
1) The presence (or lack) of fluids during the metamorphic cycle. Ar-bearing fluids 
can bring Ar into the system, providing the potential for Ar to diffuse into a grain 
(if the temperature is high enough; Warren et al, (2011)). However, if there is no 
fluid phase present during the metamorphic cycle, Ar will be retained within the 
mineral’s grain boundary since there would be no medium to facilitate the removal 
ofAr,
2) Microtextural and/or microstructural defects and fluid inclusions within grains can 
act as sinks for Ar within the mineral structure (Di Vincenzo 2006, Camacho et al,. 
2012),
3) inefficient diffusion of Ar from a grain due to either the temperature being too low 
to allow for diffusion to occur or the PT path too rapid to allow time for diffusion to 
occur efficiently, and
4) Excess Ar (40ArE). This is the component of 40Ar that is incorporated into a mineral 
by processes other than the in-situ decay of 40K (McDougall & Harrison 1999).
However, this is not the whole problem since HP metamorphic terranes are typically 
subdivided into two groups that experienced differences in their P-T evolution (Kylander- 
Clark et al, 2012 and references therein). These are:
1) Small (<1000 km2), cold (450-650°C) HP terranes that are exhumed as boudins or 
slices of crustal material. These terranes tend to be exhumed from peak 
metamorphic conditions to upper crustal conditions in less than 10 Ma (Gebauer et 
al, 1997, De Sigoyer et al, 2000). Examples of small, cold HP terranes include the 
Tso Morari of the Himalaya, and the Dora Maira of the western Alps (De Sigoyer et 
al, 2000, Di Vincenzo 2006).
2) Large (up to 40,000 km2), hot (650-1000°C) HP terranes that are exhumed as intact 
terranes. The larger size of these terranes means that exhumation from peak 
metamorphic conditions can take tens of millions of years (Hacker et al, 2000, 
Scharer & Labrousse 2003, Zheng et al, 2003, Root et al, 2005). Examples of 
these large HP terranes include the Dabie-Sulu of China and the Western Gneiss 
Region of Norway (Li et al, 1999, Hacker 2007)
The cold temperatures and rapid P-T paths experienced by small HP terranes means that 
there may not have been sufficient time or reached sufficiently high temperatures for
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efficient diffusion of Ar to occur. The low temperatures and rapid P-T paths result in 
40Ar/39Ar ages that yield crystallisation ages and not cooling ages when other factors such 
as excess or inherited argon don’t mask the in-situ 40Ar produced by K decay. The higher 
temperatures and the slower rates of exhumation experienced by larger HP terranes means 
that, unlike the small HP terranes, 40Ar/39Ar ages could, potentially, yield reliable cooling 
ages.
40Ar/39Ar analyses from HP terranes, regardless of size, have focussed primarily on the 
study of phengite (the HP, Si-rich variant of muscovite). Lithologies that are commonly 
analysed are mafic eclogites and blueschist that record the peak metamorphic conditions 
and gneisses and pelites that host the mafics. These host lithologies generally do not record 
the peak metamorphic conditions, but rather, document the exhumation of the HP terranes 
and therefore should provide constraints on the exhumation history.
Step heating of phengites from eclogites and gneisses from the Dabie-Sulu of China and 
the Western Gneiss Region of Norway display disturbed 40Ar/39Ar step heating spectra (Li 
et al, 1994, Li et al, 1999, Root et al, 2005, Walsh et al, 2007, Young et al, 2011, Walsh 
et al, 2013). 40Ar/39Ar phengite ages are often older than, or equivalent to the timing of 
peak metamorphism defined by U-Pb zircon dating (Li et al, 1994, Li et al, 1999, 
Andersen et al, 1998, Hacker & Gans 2005, Root et al, 2005, Walsh et al, 2007, Young et 
al, 2011, Walsh et al, 2013). In the case of the Western Gneiss Region, the HP terrane 
documented in this study, single grain fusion and in-situ laser ablation studies have shown 
that 40Ar/39Ar phengite ages from mafic eclogites and felsic gneisses yielded ages that 
range from 759-379 Ma, a far greater range than what would be expected from simple 
models of cooling through a mineral-specific closure temperature (Warren et al, 2012a).
It is clear that the interpretation of 40Ar/39Ar ages from HP metamorphic terranes is 
complex. Regardless of the dimensions and the P-T history of the HP terrane, 40Ar-39Ar 
mica ages from many HP terranes are 40Ar/39Ar ages are elevated relative to other 
chronometers (e.g. U-Pb zircon), and yield 40Ar/39Ar ages that do not conform to our 
current understanding of how Ar should behave during a metamorphic cycle.
1.3 Aims and Objectives
The main objective of this study is to provide an in-depth understanding of the behaviour 
of Ar during a HP metamorphic cycle and to create a means by which future metamorphic 
Ar age data in these types of terranes can be interpreted.
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This PhD aims to investigate the 40Ar/39Ar ages from various lithologies of the Outer 
Nordfjord area of the Western Gneiss Region, Norway, in order to determine whether these 
ages are spatially consistent with modification via thermally-activated volume diffusion. If 
the ages are not consistent with diffusion, what impact does this have for understanding 
and interpreting 40Ar/39Ar from the WGR and from HP metamorphic terranes in general?
Computational modelling of the pressure-temperature history and Ar diffusional modelling 
will provide the framework by which the 40Ar/39Ar age data from this study can be 
assessed in terms of a cooling history.
40Ar/39Ar ages of white mica, biotite, and amphibole mineral separates and grains in 
polished slabs are compared with the results of diffusion and petrographic modelling to:
(1) Create a conceptual modelling framework, with which 40Ar/39Ar ages can be 
interpreted in terms of the metamorphic evolution of the WGR,
(2) Understand how the physical processes that affect rocks during exhumation, such as 
recrystallization, deformation, and fluids, have affected the Ar isotopic signature of the 
crustal gneisses of the Western Gneiss Region and to use 40Ar/39Ar thermochronology to 
track these processes from decompression from eclogite-facies conditions to amphibolite- 
facies conditions,
(3) To investigate how Ar is redistributed during the breakdown of HP white mica to 
biotite and plagioclase symplectites in order to determine how Ar behaves during an 
exhumation-related metamorphic reaction, and
(4) To compare and contrast the behaviour of Ar in the anhydrous mafic eclogite and felsic 
granulite lithologies in order to understand how these lithologies behaved, with respect to 
the Ar isotope systematics, during the Caledonian Orogeny.
These aims will be investigated by studying three key locations in the Outer Norfjord area 
of the WGR.
1.4 The Geological Evolution of the Western Gneiss Region, Norway
The Western Gneiss Region (WGR) in western Norway is a 50,000 km2, basement window 
within the Scandinavian Caledonides that outcrops between Bergen and Trondheim. It is 
bounded in the east by the Jotunheim Decollement, to the south by the Bergen Arc Shear 
Zone and by the Nordfjord-Sogn Detachment Zone to the west (Wain et al., 2000, 
Austrheim et al., 2003, Labrousse et al., 2004, Root et al., 2005).
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85% of the WGR is composed of quartzofeldspathic gneiss that has an amphibolite-facies 
paragenesis with approximately 25% of this gneiss being garnet-bearing (Peterman et al., 
2009). The remaining 15% of the WGC is comprised of minor lithologies which include:
• 5-10% eclogite-facies metabasites that occur as ovoid to tabular, decimetre- 
kilometre scale bodies hosted within the quartzofeldspathic gneisses and commonly 
occur as trails of boudins along specific horizons (Wain 1998). The eclogites 
possibly represent boudinaged sheets of basic dykes or gabbroic bodies (Wain 
1998).
• 2-5% relict, Precambrian granulite-facies gneiss which include the Flatraket 
mangerite (an pyroxene-bearing quartz monzonite) and the Krakenes metagabbro 
(Wain 1998). These lithologies have been dated at 1641 ± 5  Ma and 1255 ± 8 Ma, 
respectively (U-Pb zircon; Corfu et al., 2013).
The WGR formed from material accreted to Baltica during the Gothian orogeny 1750-1500 
Ma; and is comprised of a wide composition of plutonic rocks ranging from ultramafic to 
felsic (Gaal & Gorbatschev 1987). By the end of the Gothian orogeny, approximately 80% 
of the crust observed at the present day surface was formed (Skar 2000). Following this 
period of orogenesis, the WGR experienced a period of relative quiescence until the 
Sveconorwegian-Grenvillian orogeny at 1250-900 Ma which saw the addition of the 
remaining 20% of the WGC (Skar 2000).
The Caledonian orogeny is the result of the oblique collision between Baltica and 
Laurentia in the Late Silurian to Early Devonian which involved the subduction of Baltica 
beneath Laurentia (Roberts 2003). The Caledonian orogeny (450-380 Ma) saw the 
reworking of the Proterozoic gneisses and the formation of the allochthonous nappes that 
now overlie the Baltican basement (Skar 2000). Evidence of UHP metamorphism is 
provided by coesite (the high-pressure form of quartz stable above 2.6 GPa) and has been 
recorded mostly within the eclogite-facies metabasites, but rare occurrences have been 
documented within the felsic host gneisses, showing that the gneisses experienced the 
same UHP metamorphism as the eclogites (Wain 1997). Rare microdiamonds from granitic 
gneisses indicate that the subduction of Baltica beneath Laurentia may have reached peak 
metamorphic conditions of 800°C and 3.6 GPa, equivalent to a depth of 120 km 
(Dobrzhinetskaya et al., 1995).
The UHP lithologies occur in three separate domains which, from south to north, are the 
Nordfjord-Stadlandet, the Soroyane, and the Nordoyane domains, together covering an
13
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area of 5,000 km (Root et al., 2005). This study focuses on the Nordfjord-Stadlandet 
domain because it is the largest (2500 km2) and most studied of the WGR’s UHP domains. 
Recorded/preserved P-T gradients in this area range from the quartz eclogite-facies in the 
southeast (~2.5 GPa and 600°C) to coesite-stable eclogite-facies in the northwest (~3.0 
GPa and 700°C) (Young et al, 2007, Root et al., 2005).
Following decompression from HP/UHP conditions, the entire WGR began to undergo 
hinterland-directed extension under amphibolite-facies conditions at ~700°C and 1 GPa 
(Walsh & Hacker 2004). Initially extension was accommodated by the basal decollement, 
with foreland-directed thrusting overprinted by later extensional structures (Fossen 2010). 
The extension is accommodated by later regional-scale extensional shear zones that cross­
cut the basement and the nappes (Fossen 2010). The Nordfjord-Sogn Detachment Zone 
forms one of the largest extensional shear zones in the Scandinavian Caledonides (Fossen 
2010).
These major, crustal-scale extensional shear zones may have been the mechanism by which 
the UHP terrane was exhumed from depth, however, the timing of UHP metamorphism and 
crustal-scale extension roughly overlap, indicating that UHP metamorphism may or may 
not have acted as the catalyst for the extension. Nevertheless, by 390-385 Ma, the UHP 
terranes in the WGR were exhumed to lower crustal depths (Fig. 1.4; Root et al., 2004). 
This exhumation caused amphibolite-facies supra-Barrovian and subsequent Buchan 
overprinting of the basement gneisses that characterise the WGR as a whole (Walsh et al., 
2007, Hacker et al., 2010).
1.4.1 Previous Geochronology of the Western Gneiss Region
Multiple radioisotopic techniques including Sm-Nd, Lu-Hf, U-Pb, and 40Ar/39Ar from both 
eclogites and their host gneisses have been employed to constrain the timing of both peak 
metamorphism and exhumation (Fig. 1.5). Lu-Hf and Sm-Nd garnet + whole rock (± 
clinopyroxene) ages from eclogite and gneisses suggest that prograde metamorphism 
occurred from 419.5 ± 4.3 Ma to 403.9 ± 0.8 Ma (Kylander-Clark et al., 2007, Peterman et 
al., 2009).
U-Pb dating within the WGR has largely been restricted to zircon and titanite with two 
studies focussing on monazite and one on rutile (Terry et al., 2000, Scharer & Labrousse 
2003, Root et al., 2004, Walsh et al., 2007, Spencer et al., 2013). U-Pb zircon dating 
constrains the timing of the peak metamorphic event, while U-Pb titanite and monazite 
ages documents the recrystallization of the gneisses under amphibolite-facies conditions.
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Fig. 1.5. Compilation of geochronological studies from the Western Gneiss Region, 
modified after (Kylander-Clark et al., 2009). Lu-Hf and Sm-Nd studies document the 
prograde evolution, U-Pb indicates the timing of peak metamorphism and amphibolite- 
facies recrystallization and 40Ar/j9Ar and Rb-Sr studies record the timings o f cooling. 
Most notably there is a strong overlap between many of these different chronometers. 
References: KC07: (Kylander-Clark et al., 2007); KC09: (Kylander-Clark et al., 2009); 
GB80: (Griffin & Brueckner 1980); MM86: (Mork & Meams 1986); C03a: (Carswell et 
al., 2003b); M86: (Meams 1986); P09: (Peterman et al, 2009); SL03: (Scharer & 
Labrousse 2003); Y07: (Young et al., 2007); R04: (Root et al, 2004), C03b: (Carswell et 
al, 2003a); W07: (Walsh et al, 2007); T86: (Tucker et al, 1986), TYOO: (Terry et al, 
2000); S13: (Spencer et al., 2013); A98: (Andersen et al, 1998); R05: (Root et al, 
2005); Y l l :  (Young et al., 2011); and W13: (Walsh et al., 2013).
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U-Pb zircon ages from mafic eclogite bodies suggest that peak eclogite-facies 
metamorphic conditions were achieved from 405-400 Ma (Root et al, 2004, Walsh et al., 
2007). U-Pb rutile ages from mafic eclogites suggest cooling through 600-700°C at 395- 
392 Ma (Scharer & Labrousse 2003). The U-Pb titanite ages of 399-379 Ma in the 
Nordfjord area, have been interpreted to represent the timing at which the host gneisses 
recrystallized under amphibolite-facies conditions (Spencer et al, 2013). U-Pb-(Th) dating 
of monazites yields highly scattered ages from 1692-375 Ma. Published weighted mean 
ages lie between 407-375 Ma, a broad spread that spans the peak- to amphibolite-facies 
metamorphic conditions defined by U-Pb zircon and U-Pb titanite (Terry et al, 2000, 
Walsh et al, 2007).
Extensive 40Ar/39Ar age studies have been undertaken in the WGR in order to constrain the 
timing of cooling and exhumation. The majority of these have consisted of step heating 
analyses of muscovite, biotite, and minor hornblende multi- and single-grain mineral 
separates (Andersen et al, 1998, Hacker & Gans 2005, Root et al, 2005, Walsh et al, 
2007, Young et al, 2011, Walsh et al, 2013). Published plateau ages for the Outer 
Nordfjord area range from 389-374 Ma, although many of these age spectra show 
disturbance. The plateau ages are generally interpreted as the time at'which the white mica 
cooled through a Tc of 400°C during cooling and exhumation and showed that there is a 
trend in the 40Ar/39Ar that youngs from east to west across the WGR (Hacker 2007). These 
studies however, do not consider the age data in terms of the metamorphic history and 
whether the application of the Tc is applicable to these ages.
A study of phengites from mafic eclogites and felsic host gneisses using single-grain fusion 
and in-situ techniques demonstrated that many samples yielded 40Ar/39Ar ages that were 
significantly older than the timing of peak metamorphism reported by U-Pb zircon ages 
(405-400 Ma; Root et al, (2004). Eclogites yielded 40Ar/39Ar ages that ranged from c. 755- 
398 Ma and felsic gneisses yielded 40Ar/39Ar ages that span 507-379 Ma, ages that span the 
entirety of the WGR metamorphic cycle (Warren et al, 2012a). 40Ar/39Ar ages were shown 
to be heterogeneously distributed both within individual grains and between different 
grains within the same sample and across different samples. These results imply that 
lithologies of the WGR are variously affected by 40 Are and that the assumptions inherent in 
the Dodson (1973) Tc formulation may not hold true for HP terranes.
These results prove problematic when it comes to interpreting mica 40Ar/39Ar ages as 
cooling ages if the Tc formulation is not applicable to HP metamorphic terranes. The study
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undertaken in this thesis was motivated by the need to understand the behaviour of Ar 
during the metamorphic cycle.
The WGR is a suitable natural laboratory for testing the behaviour of Ar during a 
metamorphic cycle because; the WGR is composed of gneisses that are broadly similar in 
composition but preserve different stages of the metamorphic evolution. The petrography 
of the gneisses can therefore be used to document the exhumation history of the WGR and 
the behaviour of Ar during each stage. The WGR experienced high temperatures (~700°C) 
for a long-enough period of time (10-15 Ma; Spencer et al, 2013) for diffusion (i.e. Ar 
loss), in theory, to have been efficient at resetting the 40Ar/39Ar chronometer, so 40Ar/39Ar 
ages in a perfect system should be interpretable in terms of thermally-activated volume 
diffusion. This thesis aims to determine whether the 40Ar/39Ar ages of WGR are consistent 
with Ar redistribution via volume diffusion and if not, what the consequences are for the 
understanding of Ar behaviour in these types of terrane.
1.4.2 Study Sites
Three localities were chosen from the Nordfjord-Stadlandet area of the WGR; 
Krokkenakken (south), Flatraket Harbour (centre), and Drage (north; Fig. 1.6). The study 
sites expose eclogite-facies mafic lithologies that have undergone varying degrees of 
amphibolitisation, hosted within felsic gneisses. The three localities were chosen for their 
similar petrographical and lithological associations but differences in their recorded peak 
metamorphic conditions. These peak metamorphic conditions range from ~600°C at 2.1 
GPa at Krokkenakken to ~750°C at 3.2 GPa at Drage (Cuthbert et al., 2000). All three 
locations record similar P-T conditions for the amphibolite-facies retrogression of ~700°C 
at 1 GPa (Spencer et al, 2013).
The felsic gneisses are subdivided into two categories; Group 1 garnet-bearing gneisses 
and Group 2 biotite-epidote gneisses. Group 1 gneisses are subdivided in those that contain 
relicts of the high-pressure evolution (Group la); those that do not contain relicts of the 
high-pressure evolution (Group lb) and gamet-biotite gneisses that do not contain high- 
pressure relicts or white mica (Group lc). The Group 2 gneisses are also subdivided into 
those that contain relicts of garnet and white mica (Group 2a) and gneisses that contain an 
amphibolite-facies assemblage of biotite + epidote (Group 2b).
The location and sample numbers of the samples analysed in this study are documented on 
outcrop maps of Krokkenakken, Flatraket Harbour and Drage (Plates 1-3). Full 
petrological and geochemical descriptions of each sample are given in Appendix A.
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1.4.2.1 Krokkenakken
Krokkenakken is located on the north shore o f the Nordfjord at 61054’53.73” N 
005°20’16.49” E. The 300+ metre exposure consists o f both Group 1 and Group 2 gneisses, 
and their associated mafic eclogites and amphibolites (Fig. 1.7; Plate 1). From SW to NE 
the outcrop at Krokkenakken is comprised o f amphibolite-facies, banded, grey 
granodioritic gneisses belonging to Group 2b gneisses. They contain the assemblage of 
biotite + epidote + plagioclase; these gneisses also contain decimetre length amphibolite 
stringers and pods. These Group2b gneisses grade into Group 2a, with millimetre-sized 
garnets and isolated flakes of white mica.
Adjacent to these gneisses is a ~10 m wide transition zone of Group lb  gneisses composed 
o f garnet + white mica + biotite + quartz + plagioclase. Close to the contact with the Group 
2a gneisses, this transition zone contains many decimetre-sized lenses o f biotite-amphibole 
amphibolites after eclogite. Progressing through the transition zone, these lenses show a 
progressive preservation o f the original eclogitic paragenesis.
Fig. 1.7. Field photographs o f the Krokkenakken locality. A) Banded (Group2b) 
granodioritic gneisses, B) Group lb  gneisses close to the contact with Group 2b 
gneisses, containing cm-scale mafic lenses. C) Group la  gneisses that contain HP 
relicts, interleaved with mafic eclogite. D) Group la  gneiss showing relict omphacite 
lenses, and E) massive eclogite with a folded layer of gametite.
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This transition zone gives way to Group la gneisses with an assemblage of quartz + white 
mica + garnet with minor kyanite, clinozoisite and symplectites of clinopyroxene- 
plagioclase and biotite-plagioclase after omphacite and white mica, respectively. 
Intercalated within these gneisses are numerous mafic eclogite pods that range from 
decimetre to meter in scale. Continuing along the exposure for 15 meters, there is a sharp 
contact between the Group la gneisses and the main mafic eclogite body at Krokkenakken.
This eclogite is medium-grained and granular with gametite layers that define a weak 
eclogite-facies foliation. The peak assemblage consists of garnet + omphacite + phengite + 
quartz with accessory phases of rutile and clinozoisite.
1.4.2.2 Flatraket Harbour
Flatraket Harbour is located on the southern shore of Sildagapet at 61°58’42.60”N 
005°14’03.80”E. This locality comprises a small islet that is located within the harbour 
wall (Fig. 1.8, Plate 2). The exposure at the outcrop is small (< 10 m) and, like at 
Krokkenakken, consists of a mafic eclogite and its associated host gneisses. The eclogite is 
course-grained and unfoliated with a peak assemblage of garnet + omphacite + phengite + 
quartz + rutile + kyanite. Inclusions of polycrystalline quartz inclusions in garnet and 
omphacite attest to the former presence of coesite. The eclogite is surrounded by a -40 cm 
think amphibolitised rind composed of biotite + amphibolite + epidote + calcite.
Close to the contact with the mafic eclogite are Group lc gneisses with a primary mineral 
assemblage of biotite + garnet + plagioclase with minor epidote group minerals. These 
gneisses grade over a distance of tens of centimetres into a band of Group lb gneisses that 
contain abundant white mica. Associated with these Group lb gneisses are several, metre- 
long garnet amphibolite lenses. The gneiss then grades back into Group lc gneisses for 
approximately 2 m before meeting a sharp contact with Group 2b gneisses. This sharp 
contact is defined by discontinuous veins of plagiogranite + titanite. The rest of the outcrop 
comprises Group 2b biotite-epidote gneisses, with abundant epidote porphyroblasts and 
minor cm-sized alkali feldspar augen.
Located approximately 550 m east of the Flatraket Harbour locality is the Flatraket 
granulite. This is a 2 km2 low strain enclave of pre-Caledonian granulite that was 
subducted and exhumed during the Caledonian Orogeny and yet, still preserves much of its 
original textures and mineralogy. The core of the granulite is dominated with decimetre- 
sized spherical to ovoid augen of alkali feldspar in a fine-grained matrix. These augen give 
the granulite a rapakivi-like texture (Krabbendam et al., 2000). Cross-cutting the
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Fig. 1.8. Field photographs o f the Flatraket Harbour locality. A) the contact between 
Group lc and Group 2b gneisses demarcated by the presence of plagiogranitic melt 
containing an oval titanite crystal. B) the contact between the mafic eclogite body and 
the host gneisses showing intense amphibolitisation over a decimetre-scale. Garnet 
and omphacite in the eclogite are gradually replaced by amphibolite + biotite. C) 
gamet-amphibolite lens in the Group 2b gneiss. D) Pristine, granular eclogite 
showing pink garnet, green omphacite and blue kyanite, and E) garnet- and mica-rich 
layer within the Group 2b gneiss.
granulite body are numerous anastomosing shear zones, which preserve an amphibolite- 
facies parageneses. These shear zones have been interpreted as forming during the 
exhumation o f the WGR (Corfu et al., 2013).
1.4.2.3 Drage
Drage is located on the southern shore of the Stadlandet Peninsula at 62°06’08.3”N 
005°12’48.0” E. Drage shows the most intense deformation o f the three localities, with 
highly migmatised and folded gneisses and deformed metabasic lenses (Fig. 1.9, Plate 3). 
The folding in the gneisses verges to the west and this has been interpreted to represent a 
top-to-the-west shear sense (Labrousse et al, 2004). Predominately, the gneisses belong to 
Group 2b with subordinate layers o f garnet-bearing Group lb  and lc  gneisses.
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Fig. 1.9. Field photographs o f the outcrops on the Drage foreshore. A) Sampled 
section that contains an amphibolitised mafic boudin surrounded by host, crustal 
gniesses. These gneisses grade from Group lc close to the boudin, though to Group 
2b gneisses. These gneisses are adjacent to Group 2b gneisses. B) Brittle deformed 
felsic layer in highly deformed and folded gneisses. C) garnet-rich Group 2b gneiss 
with cm-sized garnets. D) Folded and migmatised gneisses typical o f the Drage 
locality, and E) degraded garnets hosted in Group 2a gneiss.
Eclogite-facies metabasic lenses vary from metre to decimetre-scale with a peak 
assemblage o f garnet + omphacite + quartz + rutile with accessory phases o f kyanite and 
phengite, which vary in abundance from mafic body to mafic body. Polycrystalline quartz 
inclusions in garnet from the eclogites indicate the former presence o f coesite and that this 
locality experienced UHP metamorphic conditions.
The gneisses show evidence o f intense ductile deformation. Within these gneisses are felsic 
blocks, which represent more competent granitic layers within the granodioritic gneisses, 
and have been brittley deformed, rotated and boudinaged. Garnet-bearing gneisses are 
particularly garnet-rich at this locality with garnets ranging from mm to cm in size.
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Samples were collected from two key sections at Drage. Firstly, a transect from an 
amphibolitised eclogite, over a distance of approximately 1.5 meters (Fig. 1.9A). The 
gneisses closest to the eclogite body belong to Group lc and grade into Group lb with 
increasing distance. The transition from Group lb to Group 2b gneisses is demarcated by a 
thin (~10 cm) band of alkali feldspar augen gneiss. The second section lies 10 meters 
further to the west where samples were collected across the Group 2b and Group lb 
contacts.
1.5 Structure of Thesis
Chapter 2: Modelling Ar Diffusion: Creating the Framework for Interpreting Metamorphic 
40Ar/39Ar Ages
This chapter will introduce the Ar diffusion modelling produced via a modified form of 
DiffArg (DiffArg_inverse) to demonstrate the importance modelling 40Ar/39Ar age data 
from metamorphic terranes before interpretations age data can be applied.
Chapter 3: Tracking Ar through a Metamorphic Cycle: Consequences for Understanding 
Cooling Rate
This chapter will document the single grain fusion and in-situ 40Ar/39Ar age data from 
white mica and biotite derived from the crustal gneisses and will link the patterns observed 
in these age data to processes that have affected the gneisses during the retrograde 
metamorphic path, from the eclogite-facies to the amphibolite-facies conditions. This 
chapter is written as a paper that will be submitted to Chemical Geology.
Chapter 4: Mica 40Ar/39Ar Crystallisation Ages Preserved in High Temperature Rocks
This chapter presents in-situ analysis from a single sample from Krokkenakken that 
demonstrates how Ar is recycled during retrograde metamorphic reactions from phengite to 
biotite via the process of symplectization. This chapter is written as a paper that will be 
submitted to Geology.
Chapter 5: 40Ar/39Ar Dating of Minor Lithologies of the WGR: Eclogites, Amphibolites, 
and Granulites
This chapter presents 40Ar/39Ar single grain fusion and in-situ analyses of eclogites, 
amphibolites, and granulite from the Outer Nordfjord area. In conjunction with P-T 
modelling of the eclogites, this chapter aims to investigate the behaviour of Ar in these
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minor lithologies. This chapter will be submitted to Contributions to Mineralogy and 
Petrology or Lithos.
Chapter 6 provides some of the overarching conclusions derived from the thesis and will 
include recommendations and ideas for potential future work.
The appendices of this thesis include a petrographic description of the samples documented 
in the above chapters, electron microprobe mineral chemistry data and the single grain 
fusion and in-situ 40Ar/39Ar age datasets, XRF datasets and DiffArg_inverse modelling 
results.
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Chapter 2 
Modelling Ar Diffusion: Creating the Framework for 
Interpreting Metamorphic 40Ar/39Ar Ages
The view east across the Sildegapet from Vagspy
This chapter forms part of the paper:
McDonald, C. S., Warren, C. J., Hanke, F., Regis, D., Chard, J. & Ingvorsen, L. 
Modelling P-T paths and Cooling Rates: Creating the Framework for Interpreting 
Metamorphic 40Ar/39Ar Ages. In Prep for Chemical Geology.
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2.1 Introduction
The expected 40Ar/39Ar ages of K-bearing minerals that experienced different P-T histories 
during a metamorphic cycle, can be modelled using the finite-difference algorithm DiffArg 
(Wheeler 1996). DiffArg has previously been used to model Ar diffusion in different 
minerals that experienced complex metamorphic histories in a variety of tectonic 
environments (e.g. Mark et al, (2008), Warren et al, (2011), Warren et al, (2012a), 
Warren et al., (2012b). DiffArg allows the user to input any thermal and (de)compression 
history experienced by a K-bearing metamorphic mineral, and outputs both expected single 
grain (bulk) ages and diffusional age profiles.
DiffArg solves the diffusion equation (Equation 1.3) numerically. This approach has 
advantages over the solution provided by the Dodson Tc formulation (Equation 1.6), since 
it does not require prior knowledge of, or the assumption of, a singular cooling rate; this is 
the unknown that is commonly to be determined.
The original DiffArg code was subsequently modified to take into account the pressure 
dependence of Ar diffusion in muscovite suggested by experimental data (Harrison et al, 
2009). This modified code is called DiffArgP (Warren et al., 2012c). DiffArgP was further 
modified to allow for the computation of 1/T (and also 1/P) cooling paths which closely 
approximate the 1/T assumption in the Tc formulation (Dodson 1973). This new code is 
called DiffArg_inverse (Hanke pers. comm, 2013). In this study, DiffArg_inverse was 
used to explore the possible bulk Ar ages for white mica and biotite that experience various 
temperatures and cooling rates during exhumation of metamorphic terranes for a number of 
different grain sizes.
This chapter will focus on how diffusion modelling can be used to construct a framework 
for interpreting metamorphic 40Ar/39Ar ages. The modelling will focus on two minerals, 
white mica and biotite, which are the commonest minerals in metamorphic rocks dated 
using 40Ar/39Ar thermochronology.
2.2 Methodology
2.2.1 Operating DiffArg_in verse
The code in DiffArg_inverse is divided into five simple components that allow the user to 
define the temperature and pressure history, the conditions at the grain boundary-mineral 
interface, the mineral characteristics, the model solver, and the duration of the model. The 
inputs for each of these components are outlined below.
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1) Temperature and Pressure History
The temperature and pressure histories can be modelled as either linear, flat-top pulse, 
piecewise, or user defined. The units for temperature are always in °C. Linear histories are 
the simplest models that can be run in DiffArg_inverse and are defined in terms of an 
initial temperature and the cooling rate (Wheeler 1996). Flat-top pulse allows the user to 
model a thermal pulse relative to an ambient background temperature. Flat-top pulse 
temperature histories would model the effects of an igneous intrusion into country rock 
(Wheeler 1996). Piecewise temperature history allows the user of DiffArg_inverse to 
define the temperature history of a mineral as a series of temperature-time points (Wheeler 
1996). Within this option is the new ability to model the temperature changes as either 
being linear or an inverse time segment (a 1/T cooling path). A user defined temperature 
history enables the user of DiffArg_inverse to create an arbitrary temperature history.
The pressure history works in a very similar manner to the temperature history and has the 
same options as the temperature history function, whereby pressure can be modelled 
linearly, pulsed, piecewise or user defined. The units for pressure are expressed in GPa.
2) Grain Boundary-Mineral Interface Conditions
This function allows the user to define the concentration of Ar (expressed as time in Ma) at 
the grain boundary mineral interface. The edge history, again, can either be linear, flat-top 
pulse piecewise or user defined. The edge history can be zero, to reflect an open system 
boundary condition, or can vary during the model run to represent an influx of Ar into the 
modelled grain boundary system.
3) Mineral Characteristics
This component of the DiffArg_inverse code is where the user selects the mineral that is to 
be modelled, the geometry of the mineral, grain size, and mesh length. The K-bearing 
minerals that can be modelled in DiffArg_inverse are muscovite, K-feldspar, biotite, and 
hornblende. The diffusion parameters for these minerals are outlined in Table 2.1.
The geometries of the mineral that can be selected are plate, cylinder, and sphere. 
Typically micas are modelled using a cylindrical geometry and K-feldspar and hornblende 
are modelled using a spherical geometry. Despite the use of a spherical geometry in the 
calculation of Harrison et al., (2009) for the diffusion of Ar in muscovite, natural samples 
have shown that diffusion occurs within a cylindrical geometry (Hames & Bowring 1994). 
The grain size can be as large or as small as the user defines, and is entered as the radius of
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the grain. For example, a muscovite that is 1 mm in length would be modelled as a 0.5 mm 
grain. It should be noted that the smaller the grain size the more computationally time 
consuming the model becomes.
Parameter Units White Mica K-Feldspar Biotite Hornblende
Ea kJmol'1 263 ±29 43.8 ± 1 197 ±8 64.1 ± 1.7
Do cm V1 2.3+70/-2.2 0.00982 +0.0066/-0.00371 0.077+0.21/-0.06 0.024 +0.053/-0.011
Vo cm3 mol' 1 14 0 0 0
Po GPa 1 0 0 0
Table 2.1. The diffusion parameters for the K-bearing minerals that can be modelled 
in DiffArg_inverse. White mica diffusion parameters from Harrison et al., (2009), K- 
Feldspar from Foland (1974), biotite from Harrison et al., (1985), and hornblende 
from Harrison (1981).
The mesh length, unlike the previous parameters entered into DiffArg_inverse, is not 
related to the physical properties of the mineral or metamorphic cycle being modelled 
(Wheeler 1996). This function defines a value that represents the number of intervals (or 
separations) that the grain radius is divided into for the finite difference calculation 
(Wheeler 1996). The larger the value entered (as an integer), the more precise the finite 
difference calculation. For example, a mesh length of 10 will divide the grain radius into 
10 separations and a value of 100 will divide the grain in 100 separations. The larger mesh 
length value, the more segments the grain is divided into and the more precise the 
calculation. However, the larger the value, the more computationally time consuming the 
model becomes.
DiffArg_inverse uses Simpson's rule over the radial mesh to calculate the bulk age, with 
the effect that the bulk age is a direct function of the specified mesh length interval. This 
means that the calculated bulk age may have a large associated numerical error, especially 
when small values are specified for the mesh lengths. Wheeler (1996) recommends a mesh 
length of 20 to be a reasonable value to begin with. The main numerical error on the bulk 
age arises from the point closest to the grain edge and is proportional to the mesh length 
(Warren et al, 2012c). The numerical error on the bulk age may be minimised by running 
the same model calculation for different mesh lengths, plotting the resulting mesh 
separations against age for each of the three model runs and regressing the results back to a 
zero mesh length (Fig. 2.1; Warren et al., (2012a).
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Fig. 2.1. A plot of apparent age vs. the mesh separation showing that the numerically 
correct bulk age can be determined by regressing the age/mesh separation relationship 
to a zero mesh separation. Modified after Warren et al., (2012a).
4) Model Solver
The user of DiffArg_inverse can choose from two numerical algorithms for performing the 
time integration. These algorithms are “fully explicit” and “Crank-Nicholson”. Crank- 
Nicholson was chosen for this study as it allows for faster computation (Wheeler 1996).
5) Model Duration
Upon selecting the display options, DiffArg_inverse prompts for time until the next 
display. This value, in Ma, tells DiffArg_inverse how long to run the resulting model for. 
This value can be related to the specific metamorphic terrane that is being modelled; 
however, the ‘older’ the age entered the longer the model will run. This can be 
circumvented by selected a smaller value and adding the remaining time onto the model 
output. For example, for modelling the Caledonian Orogeny at 400 Ma would take time but 
by running DiffArg_inverse for only 100 Ma, the model will run faster and the user merely 
has to add the remaining 300 Ma on the model output. It is assumed that the rocks are at 
0°C for this 300 Ma period.
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2.2.2 Model Inputs for this Study
For the purposes of this study, white mica and biotite were modelled using a piecewise 
temperature and pressure history, using both a simple linear time segments and inverse 
(1/T) time segments with cooling rates of 5°CMa‘1, 10°CMa"1, 25°CMa"1, 50°CMa'1, and 
70°CMa‘1, representing slow to rapid cooling. Both minerals were modelled cooling from 
temperatures of 700°C, 600°C, 500°C, and 450°C at a constant pressure of 1 GPa. These 
temperature and pressure conditions were chosen to represent ‘hot’ to ‘cold’ metamorphic 
terranes exhuming from mid-crustal conditions. Grain radii of 1 mm, 0.5 mm, and 0.25 
mm were selected since these are typical grain sizes used in 40Ar/39Ar thermochronological 
studies. The grain boundary conditions in all models were modelled with a zero Ar 
concentration at the grain boundary-mineral interface, so as to model the expected bulk 
muscovite and biotite Ar ages in a purely open system. All model data are calculated for 
cylindrical diffusion geometry and the time integration in the models was performed using 
the Crank- Nicholson solver, with a recommended time step that is 10 times larger than the 
value suggested for a stable fully-explicit method (Wheeler 1996).
The results for white mica and biotite linear and 1/T models are plotted in Fig. 2.2 and 2.3, 
respectively and the model data are presented in Appendix F. The modelled curves derived 
from the 1/T and linear models are not designed to match the geological history of any 
particular region, but instead are designed to illustrate the potential of DiffArg_inverse as a 
tool for assisting in the interpretation of 40Ar/39Ar bulk age data in yielding a potential 
cooling rate for a given metamorphic terrane.
2.3 Results
Figs. 2.2A-D and 2.3A-D graphically show the age difference between the model start time 
and the resulting bulk age with variations in the grain size, the temperature, and the cooling 
rate for white mica and biotite, respectively. These simple graphs are a useful tool for 
determining whether 40Ar/39Ar analyses of white mica and biotite would yield estimates of 
the cooling rate for different metamorphic conditions. The 1/T models are also a useful 
tool to understand whether or not the 40Ar/39Ar mica ages can be interpreted as cooling 
ages that adhere to thermally-activated volume diffusion in an open system.
All graphs have the same general asymptotic trends, with:
(1) Decreasing age difference with increasing cooling rate [i.e. the faster a grain cools, the 
less the age difference from the starting temperature] and,
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(2) Decreasing age difference with decreasing temperature [i.e. the colder the initial 
starting temperature, the less of a difference there will be between the starting age and the 
modelled age].
Figs. 2.2A-D and 2.3A-D also show that a reduction in grain radius from 1 mm to 0.5 mm 
to 0.25 mm shifts the age differences in the white mica and biotite to greater values due to 
the increased efficiency of Ar diffusion out of small grains. This effect is more pronounced 
in the linear models than in the 1/T models.
The main results of the diffusion modelling may be summarised as follows:
(1) The plotted model curves show clearly that very little diffusive loss is expected in 
white mica and biotite that experience low peak temperatures, e.g. from 450°C (Figs 2.2A 
and 2.3A). White mica would only yield an age differences between the model start time 
and the bulk age of 0.1 Ma to 0.6 Ma and 0.5 Ma to 2.2 Ma for a 1/T and linear cooling 
history, respectively. Overall the bulk ages are very close to the nominal starting age of the 
models and within error of typical analytical uncertainty (2%).
Biotite would show a much greater age difference between the model start time and the 
bulk age, ranging from 6 Ma to 11 Ma and 18 Ma to 25 Ma for a 1/T and linear cooling 
history. Unlike with the white mica, the differences in model start age and the model bulk 
age may be resolvable in 40Ar/39Ar age data, implying that at low temperatures of ~450°C 
biotite would make the better mineral to analyse instead of white mica in order to 
understand cooling rates in exhumed metamorphic terranes.
(2) The difference between the model start time and the resulting model bulk age increases 
with increasing temperature for both muscovite and biotite. However, the two different 
model types (1/T and linear) behave differently. The age differences generated by the 1/T 
models are consistently less than those generated by the linear models. The age differences 
between grain sizes are also smaller in the 1/T models compared to the linear models. This 
implies that the choice of model is crucial for making an appropriate estimation of cooling 
rate. The use of 1/T or linear models may result in an under- or over-estimation of the 
cooling rate.
(3) At the highest modelled temperature of 700°C white mica and biotite show the most 
diffusive loss, and the greatest age differences between the model start time and resulting 
bulk age (Fig. 2.2D and 2.3D).
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model start time and model bulk age vs. cooling rate. Note the differences in the 
vertical scales between the two model types.
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2.4 Discussions
2.4.1 Model Uncertainties
The model results are sensitive to a number of uncertainties, which are induced from 
systematic unknowns in the activation energy and diffusion coefficients; experimental 
unknowns derived from uncertainties in the grain size used in experiments; and from 
geological uncertainties in the P-T history. In summary, systematic errors derived from 
uncertainties in the activation energy (Ea) and the diffusion coefficient (D) lead to an 
uncertainty of ± 4 Ma on the resulting model age (Warren et al., 2012a). Variations in 
grain size (diffusion radius) from 1 mm to 0.25 mm yield a ± 2 Ma uncertainty on the age.
Variations in the cooling rate from 5-70°CMa‘1 will result in a +41 to -5 Ma and +15 to -2 
Ma uncertainty on the white mica age for the linear and 1/T cooling paths respectively. 
Variations in the cooling rate from 5-70°CMa‘1 for biotite yields a range from +62 to -9 
Ma and +28 to -4 Ma for the linear and 1/T cooling paths. The large uncertainties are due 
to the variations in T and grain size as the cooling rate varies from 5-70°Ma"1.
There are of course other geological errors that arise from uncertainties on the timings of 
the metamorphic path (e.g. U-Pb zircon constraints on the timing of peak metamorphic 
conditions). However, these errors are terrane-specific and will not be explored further in 
this chapter, but should be considered when applying DiffArg_inverse to determine 
terrane-specific cooling rates.
2.4.2 Caveats
It is important to note that the numerical model adheres to a number of approximations: the 
models solve the modified formulation of Fick's Law of diffusion, the modelled white mica 
and biotite grains contain no initial Ar and no additional Ar is introduced to the grains 
during cooling, and the modelled grains have a zero-age boundary condition i.e. an open 
system operates within the grain boundary network. The 1/T and linear models only apply 
to cases of volume diffusion.
In those cases where secondary recrystallization or similar effects apply, care will be 
needed before comparing the measured data to model results. Recrystallization and 
deformation on a retrograde metamorphic path will, of course, have an effect on the Ar 
systematics of any grain as these processes act on faster timescales than volume diffusion 
alone (Villa 1997). Therefore the conditions that the white mica and biotite experience, not
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only during growth but also during the exhumation and cooling must be known or at least 
estimated in order for model interpretations to be applied correctly.
These models also assume that the system is open to the loss of Ar throughout the cooling 
path and that the grain boundary network remains an ‘infinite’ reservoir for Ar. Lastly, the 
models also assume that the cooling path experienced by the white mica or biotite (whether 
linear or 1/T) is representative of the natural system being modelled.
2.4.3 Applying Model Results to Natural Systems
With these uncertainties and caveats in mind, the models generated from DiffArg_inverse 
can be applied to any metamorphic terrane to assess whether 40Ar/39Ar ages can reflect 
cooling rates. The prior knowledge that is required to use these model results is:
1) A basic petrographic understanding of when the mica grew along the metamorphic 
cycle, whether prograde, peak, or during decompression,
2) The temperature at which mica growth occurred,
3) The absolute timing of mica growth. This could be from U-Pb zircon ages if, 
petrographically, the mica grew at peak metamorphic conditions, or from Rb-Sr mica 
crystallisation ages,
4) The empirical 40Ar/39Ar age data that has been collected via single grain fusion, and,
5) An estimation of the grain size of the white mica or biotite that was analysed.
The age difference is calculated from subtracting the analysed white mica or biotite 
40Ar/39Ar age from the timing of mica growth to create an age difference, which can 
subsequently be read off the Y axis of figures 2.2 or 2.3 to yield an estimated cooling rate. 
For example, a 0.5 mm radius white mica, crystallising at 700°C with an age difference 
between crystallisation and 40Ar/39Ar age of 10 Ma, would suggest an estimated cooling 
rate of ~7°CMa'1 for a 1/T model curve and ~20°CMa"1 for a linear cooling curve.
The clear difference between the results of the 1/T and the linear model results indicates 
that the choice of model curve used for interpreting metamorphic 40Ar/39Ar ages is 
important. 1/T model curves replicate the 1/T cooling rate assumption inherent to the 
Dodson Tc formulation (Equation 1.6); however, the diffusion models are more robust than 
the Tc formulation as they do not rely on an over simplification of the cooling curve that
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the formulation requires and the diffusional models do not make an assumption of the 
cooling rate to calculate the bulk age of a grain.
Linear model curves are a very simplistic representation of the cooling history that a 
metamorphic terrane can experience. These model curves, however, may not be 
representative of a natural system but may be a close approximation.
2.5 Conclusions
A modified version of the original Wheeler (1996) DiffArg code, DiffArg_inverse solves 
the diffusion equation numerically, allowing for the computation of 40Ar/39Ar ages 
expected for rocks following simple linear and 1/T cooling paths. The latter replicates the 
1/T cooling rate assumption in the Dodson Tc formulation, making the comparison 
between the 1/T models and the Dodson Tc formulation feasible. DiffArg_inverse can be 
used to model multiple scenarios for K-bearing minerals rapidly, with variations in 
temperature, pressure, grain size, and cooling rate. The advantage of using numerical 
models is that there is no assumption of the shape of the cooling curve that the analytical 
approach of the Dodson Tc formulation requires.
The technique of modelling Ar diffusion outlined in this chapter is a more robust method 
for interpreting metamorphic 40Ar/39Ar ages as cooling ages than the Tc formulation of 
Dodson (1973). The models include the effects of pressure on Ar diffusion in white mica, 
and the diffusion modelling is capable of modelling linear cooling histories, which the Tc 
formulation cannot. By modelling multiple scenarios that reflect the potential metamorphic 
conditions, robust cooling rate estimations can be made using the 40Ar/39Ar ages of white 
mica and biotite.
Moreover, by graphically representing the model outputs as the age difference between the 
model start time (a proxy for the timing of mica crystallisation) and the resulting modelled 
bulk age, the results are not specific to any one given metamorphic terrane and are widely 
applicable to all exhumed metamorphic terranes, assuming the assumption of an open 
system can be demonstrated. In practice, an open system can be demonstrated if white 
mica or biotite 40Ar/39Ar ages can be matched to those generated through diffusional 
modelling.
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Abstract
40Ar/39Ar thermochronology is commonly used to constrain the timing, and rates, of 
cooling in exhumed metamorphic terranes and is usually linked to temperature via 
Dodson’s closure temperature (Tc) formulation. 40Ar/39Ar ages in many metamorphic rocks 
commonly do not fit within a chronological framework defined by other, higher T 
chronometers, such as U-Pb zircon, suggesting that this link may not always be a correct 
interpretation. We report white mica and biotite single-grain fusion and laser ablation 
40Ar/39Ar ages from felsic gneisses from the Western Gneiss Region, Norway. The rocks 
record isothermal decompression from peak eclogite-facies conditions to amphibolite- 
facies conditions at 700°C. White mica and biotite yield a range of single grain fusion ages 
ranging from 411-383 Ma and 430-360 Ma respectively. UV laser ablation yields similar 
results, with white mica ages ranging from 502-349 Ma and biotite ages ranging from 449- 
357 Ma. These ages span the entirety of the known timing of the metamorphic cycle 
previously reported from other chronometers. Simple diffusion models cannot readily 
provide an explanation for the range of 40Ar/39Ar ages recorded by each sample. Physical 
processes such as recrystallization, deformation, partial melting and fluid fluxes appear to 
have had a greater effect on Ar distribution. Samples that show significant recrystallization 
and deformation yield younger white mica ages than more pristine samples, but older 
biotite ages. Furthermore, migmatisation acts to make biotite ages younger in the 
amphibolite-facies gneisses whereas fluid infiltration acts to increase biotite ages. The 
40Ar/39Ar ages yielded by these samples therefore cannot be reconciled with the Tc 
formulation. Our data support the observation that the 40Ar/39Ar ages of micas from high- 
temperature metamorphic terranes may not always be interpretable as cooling ages and that 
metamorphic 40Ar/39Ar ages require careful assessment with respect to metamorphic stage 
and petrographic evolution.
3.1 Introduction
Understanding the timing and rate at which metamorphic terranes are exhumed through the 
Earth’s mantle and crust is important in constraining many geodynamic models. 40Ar/39Ar 
thermochronology of micas is typically employed to constrain exhumation and cooling 
rates, with age most commonly being linked to temperature via the Dodson closure 
temperature (Tc) formulation (Dodson 1973). Tc in theory yields the “temperature at the 
time of the grain’s apparent age”, only if three inherent assumptions regarding the 
behaviour of Ar in a mineral crystal can be shown to be upheld: (1) that the mineral 
(re)crystallised with no inherited 40Ar within its crystallographic lattice, (2) that the Ar
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distribution within the mineral is controlled only by thermally-activated volume diffusion 
that adheres to Fick’s 2nd law of diffusion (modified for a source term) and (3) that the 
grain boundary network operates as an ‘open system’ i.e. the grain boundary effectively 
has an Ar concentration of zero.
Experimental data have demonstrated that Ar diffusion in white mica is pressure- as well 
as temperature-dependent (Harrison et al., 2009). These new data affect the way that Tc is 
calculated, especially in rocks that have experienced metamorphic pressures >10 kbar. This 
has profound implications when it comes to interpreting metamorphic 40Ar/39Ar ages, 
particularly white micas from high-pressure (HP) terranes, as Ar becomes more retentive 
in white mica with increasing pressure.
Micas in metamorphic rocks commonly yield 40Ar/39Ar step heating ages that show either 
disturbed “non-plateau” spectra or are too “old” relative to other geochronologically well- 
constrained ‘events’ along the (P-T) path e.g. U-Pb zircon of peak metamorphism (Baxter 
et al., 2002, Sherlock & Amaud 1999). These apparently “older” ages have been attributed 
to processes including:
(1) The incorporation of 40Ar into the mineral by 40Ar that has diffused into the grain from 
the grain boundary. This additional 40Ar is termed excess Ar ( 40A t e )  and represents 40Ar 
that has become decoupled from its parent 40K and not ingrown via in situ decay; (2) 
inefficient degassing of grains due in part to the sometimes rapid and cool P-T paths that 
metamorphic rocks experience during their evolution; (3) non-zero grain boundary 
conditions which would hinder efficient diffusion of Ar out of a grain and/or (4) 
recrystallization that may cause 40A t e  to become incorporated within a mineral’s 
crystallographic lattice (Warren et al., 2012a, Sherlock & Kelley 2002, Villa 1997, Di 
Vincenzo 2004).
The evaluation and understanding of how Ar is incorporated, released and transported 
within and between different minerals during a metamorphic cycle is therefore important 
for the interpretation of metamorphic 40Ar/39Ar age data, especially with regards to linking 
‘age’ to ‘stage’ along the pressure-temperature (P-T) path. Of particular interest and 
importance is how/where Ar is produced, stored and transported during exhumation- 
related, retrograde metamorphic reactions. The study of such reactions informs the 
assessment of whether diffusion is the main mechanism for redistributing Ar within 
minerals, and hence whether the 40Ar/39Ar ages may be linked to temperature via the
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Dodson Tc formulation (Di Vincenzo et al., 2001, Sherlock et al., 1999, Warren et al., 
2011, Warren et al., 2012a, Warren et al., 2012b, Smye et al, 2013).
Here we systematically document differences in 40Ar/39Ar ages and age ranges in micas 
separated from samples of crustal gneisses exposed in the Western Gneiss Region (WGR) 
of western Norway. This region is a suitable natural laboratory for testing the behaviour of 
Ar during a metamorphic cycle because geochemically, the Western Gneiss Region is 
composed of gneisses that are broadly similar in composition but preserve different stages 
of the metamorphic evolution. Also, the WGR experienced a high temperature evolution 
(~700°C) for a long-enough period of time (10-15 Ma; Spencer et al, (2013)) for diffusion 
(i.e., Ar loss), in theory, to have been efficient at resetting the 40Ar/39Ar chronometer. This 
study tests the hypothesis that the application of Tc to metamorphic rocks from the WGR, 
may be invalid and that instead, Ar can be used as a tracer for physical processes that affect 
rocks during exhumation.
Hence, we provide an in-depth study into 40Ar/39Ar age heterogeneity in an attempt to 
constrain the behaviour of Ar during a retrograde metamorphic cycle. Ultimately we will 
test whether apparent 40Ar/39Ar ages can be linked to the cooling history of the Western 
Gneiss Region and thus to tectonic models of exhumation.
3.2 Regional Geology
The Western Gneiss Region (WGR) of western Norway is a 50,000 km2 basement window 
within the Scandinavian Caledonides, formed during the subduction of the leading edge of 
Baltica beneath Laurentia during the Scandian Phase of the Caledonian Orogeny (Roberts 
2003, Hacker 2007). The dominant lithology in the WGR is amphibolite-facies felsic 
gneiss, that locally contain eclogite-facies metabasic eclogites (Hacker et al., 2010).
Remnants of ultrahigh-pressure metamorphism (UHP; >2.6 GPa) are preserved across c. 
5,000 km2 of the WGR (Root et al., 2005). Coesite (the high-pressure polymorph of 
quartz) has been documented mostly within the eclogite-facies metabasites, but rare 
occurrences have been documented within the felsic host gneisses (Wain 1997). These 
UHP lithologies occur in three separate domains, from south to north, the Nordfjord- 
Stadlandet; the Sorpyane and the Nordpyane. This study focuses on the Nordfjord- 
Stadlandet domain, where the recorded/preserved P-T gradient ranges from the quartz 
eclogite-facies in the southeast (-2.5 GPa and 600°C) to coesite-stable eclogite-facies in 
the northwest (-3.0 GPa and 700°C) across 2500 km2 (Young et al., 2007, Root et al., 
2005). Following (near)isothermal decompression from (U)HP conditions, the entire WGR
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experienced retrograde amphibolite-facies metamorphism at ~700°C and 1 GPa (Walsh & 
Hacker 2004).
3.2.1 Study Sites
From the Nordfjord-Stadlandet area of the WGR three localities, Krokkenakken, Flatraket 
Harbour and Drage (Fig. 3.1), were chosen for their similar petrographical and lithological 
associations yet varying preserved P-T conditions. Although each locality preserves 
evidence for different peak metamorphic conditions, ranging from ~600°C at 2.1 GPa at 
Krokkenakken to ~750°C at 3.2 GPa at Drage (Cuthbert et al., 2000), all three locations 
record similar amphibolite-facies retrogression P-T conditions.
The study sites comprise eclogite-facies mafic lithologies that underwent varying degrees 
of amphibolitisation, hosted within felsic gneisses. The mafic lithologies are known to be 
plagued with 40Are and do not yield geologically meaningful 40Ar/39Ar ages (Warren et al, 
2012a). The eclogites and their associated amphibolites will be discussed in further detail 
in Chapter 5. The felsic gneisses record varying P-T conditions along the retrograde 
metamorphic path, from garnet-bearing gneisses that contain relicts from the HP evolution 
(e.g. symplectites after omphacite) to amphibolite-facies biotite-epidote gneisses that only 
record mid-crustal amphibolite-facies conditions. The garnet-bearing gneisses with HP 
relicts are located within strain shadows adjacent to the mafic lithologies with amphibolite- 
facies assemblages increasingly overprinting the HP assemblages with increased distance 
from the mafic units.
3.2.2 Previous Chronology of the Nordfjord-Stadlandet Area
Multiple radioisotopic dating techniques have previously been employed to constrain the 
timing of both peak metamorphism and exhumation throughout the WGR, including Sm- 
Nd, Lu-Hf, U-Pb, and 40Ar/39Ar. Both eclogites and their host gneisses have been targeted.
Sm-Nd and Lu-Hf garnet ages suggest that prograde metamorphism occurred from 419.5 ±
4.3 Ma (Kylander-Clark et al, 2007) to 403.9 ± 0.8 Ma (Peterman et al, 2009) while U-Pb 
zircon ages in mafic eclogite bodies suggest that peak eclogite-facies metamorphic 
conditions were achieved by c. 405-400 Ma (Root et al, 2004).
U-Pb rutile from mafic eclogites suggest cooling through 600-700°C at c. 395-392 Ma 
(Scharer & Labrousse 2003). The U-Pb titanite ages of c. 399-379 Ma in the Nordfjord 
area have been interpreted to represent the timing at which the host gneisses recrystallized 
under amphibolite-facies conditions (Spencer et al, 2013).
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Fig.3.1. A simplified geological map of the Outer Nordfjord region of the WGR 
showing the locations of the study sites in the Outer Nordfjord region and the 
samples numbers collected from each locality. Modified after Wain, (1997).
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40Ar/39Ar age data is restricted to multi- and single-grain step heating of white micas and 
biotite. Published plateau ages for the Outer Nordfjord area range from c. 389-374 Ma for 
white mica and c. 467-379 Ma for biotite, respectively. These age data have been 
interpreted as cooling through white mica and biotite Tc’s (Andersen et al, 1998, Hacker 
& Gans 2005, Root et al., 2005, Hacker 2007, Walsh et al, 2007, Young et al, 2011, 
Walsh et al, 2013). A single grain fusion and in-situ study of Warren et al, (2012a) 
showed that white mica 40Ar/39Ar ages are highly variable both within grains and between 
different samples, with ages ranging from 507-379 Ma. The study by Warren et al, 
(2012a) demonstrated that the assumption that white mica 40Ar/39Ar ages represent cooling 
age may not always be the correct interpretation of 40Ar/39Ar white mica age data and thus 
was the impetus for this study.
3.3 Petrology and Mineral Chemistry
Major-element compositions of muscovite (henceforth, “white mica” so as to remove any 
pressure or geochemical context that stems from using the terms phengite or muscovite) 
and biotites were analysed using the Open University Cameca SX-100 5 wavelength- 
dispersive spectrometer electron microprobe using a defocused beam with spot size of 10 
pm, and conditions of 15 kV, 20 nA and 30 s collection time. Calibrations were performed 
on natural standards, and analyses were corrected using a ZAF matrix correction routine. 
Analyses were bracketed by analyses of secondary standards to check for major element 
reproducibility of 1%. The composition of the white mica and biotite from each sample is 
presented in Table 3.1 and 3.2, respectively.
The felsic gneisses form two petrographic groups: garnet-bearing gneisses that record 
exhumation from eclogite-facies conditions (Group 1) and biotite-epidote gneisses that 
record the amphibolite-facies overprinting (Group 2). A full petrographic description of 
each sample is provided in Appendix A, but the gneisses are briefly described below.
The garnet-bearing (Group 1) gneisses can be further subdivided into three subgroups: 
those that still preserve high pressure (HP) relicts (Group la), those that lack HP minerals 
and contain white mica (Group lb) and those that lack HP relicts but do not contain white 
mica (Group lc).
Group la  gneisses are found in a low-strain region adjacent to a large (>300 m long) 
eclogite boudin at Krokkenakken (samples NF40, NF42 and NF43; Fig. 3.2A). These are 
medium-grained, unfoliated gneisses with a peak assemblage of quartz, white mica and 
garnet with accessory apatite, rutile, zircon, clinozoisite and kyanite. Symplectites of
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Table 3.1
Core-rim chemical composition of the white mica analysed in each sample
Gneiss Group 1A IB
Sample NF40 NF42 NF43 NF106 NF48 NF88
Position Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim
F 0.22 0.14 0.05 0.02 0.10 0.08 0.00 0.00 0.07 0.15 0.10 0.00
a 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00
Na20 0.67 0.75 0.39 0.41 0.20 0.17 0.32 0.46 0.53 0.63 0.46 0.54
k 2o 9.44 9.70 9.59 9.92 10.41 10.59 10.29 10.32 9.90 9.89 10.33 10.45
MgO 2.58 2.16 3.68 3.04 3.29 2.74 2.62 1.06 1.98 1.38 1.64 1.03
CaO 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.00 0.05 0.01 0.01
MnO 0.01 0.00 0.02 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.02 0.01
FeO 2.66 2.72 1.99 1.81 2.68 2.69 2.95 2.85 2.51 2.67 2.22 1.99
A120 3 28.41 29.72 27.32 29.00 26.73 28.14 28.19 32.96 29.28 31.17 30.65 32.55
Cr20 3 0.02 0.01 0.02 0.03 0.07 0.07 0.03 0.00 0.01 0.02 0.00 0.00
SiOj 50.24 49.08 49.68 48.86 50.25 48.80 47.75 43.72 48.86 46.60 47.12 45.88
Ti02 0.33 0.56 0.19 0.41 0.30 0.38 0.40 0.59 0.73 0.91 1.20 1.12
Total 94.58 94.88 93.00 93.49 94.07 93.68 92.58 91.97 93.89 93.48 93.76 93.58
F 0.09 0.06 0.02 0.01 0.04 0.03 0.00 0.00 0.03 0.07 0.04 0.00
a 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.18 0.19 0.10 0.11 0.05 0.04 0.09 0.13 0.14 0.17 0.12 0.14
K 1.62 1.66 1.67 1.72 1.80 1.84 1.82 1.84 1.71 1.73 1.79 1.82
Mg 0.52 0.43 0.75 0.62 0.67 0.56 0.54 0.22 0.40 0.28 0.34 0.21
Ca 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00
Mn 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.30 0.31 0.23 0.20 0.30 0.31 0.34 0.33 0.29 0.30 0.25 0.23
Al 4.50 4.71 4.38 4.63 4.27 4.53 4.59 5.42 4.68 5.03 4.92 5.23
Cr 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Si 6.75 6.59 6.77 6.62 6.82 6.66 6.60 6.11 6.62 6.38 6.42 6.25
Ti 0.03 0.06 0.02 0.04 0.03 0.04 0.04 0.06 0.07 0.09 0.12 0.12
Total 14.00 14.01 13.94 13.95 14.00 14.03 14.02 14.11 13.94 14.05 14.02 14.00
Table 3.1 cont.
Core-rim chemical composition of the white mica analysed in each sample
Gneiss Group IB 2A
Sample NF89 NF96 NF99 NF98 NF105
Position Core Rim Core Rim Core Rim Core Rim Core Rim
F 0.05 0.10 0.12 0.00 0.11 0.00 0.04 0.10 0.07 0.09
a 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00
Na20 0.35 0.37 0.52 0.53 0.36 0.52 0.22 0.25 0.22 0.22
k 2o 10.54 10.81 10.53 10.51 10.22 10.41 10.81 10.78 10.79 10.82
MgO 1.38 1.05 1.78 0.85 2.32 0.97 1.90 1.33 2.17 2.16
CaO 0.01 0.00 0.01 0.01 0.02 0.03 0.00 0.01 0.00 0.00
MnO 0.02 0.03 0.04 0.00 0.01 0.02 0.02 0.00 0.02 0.03
FeO 2.71 2.70 2.84 2.50 2.68 2.71 4.34 4.23 . 4.56 4.55
a i2o 3 30.61 32.00 30.00 32.69 28.40 32.56 28.12 30.13 26.70 27.16
Cr20 3 0.01 0.02 0.04 0.03 0.01 0.00 0.02 0.00 0.00 0.03
Si02 47.09 46.16 47.98 45.57 49.65 45.31 47.63 46.04 48.05 47.80
Ti02 1.13 0.74 1.19 0.90 0.86 0.42 1.23 0.94 0.87 0.86
Total 93.93 93.98 95.06 93.61 94.64 92.96 94.34 93.80 93.46 93.72
F 0.02 0.04 0.05 0.00 0.04 0.00 0.02 0.04 0.03 0.04
a 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.09 0.10 0.14 0.14 0.09 0.14 0.06 0.07 0.06 0.06
K 1.83 1.89 1.82 1.83 1.75 1.83 1.89 1.90 1.91 1.91
Mg 0.28 0.21 0.36 0.18 0.47 0.20 0.39 0.28 0.45 0.45
Ca 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Mn 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Fe 0.31 0.31 0.32 0.29 0.30 0.31 0.50 0.49 0.53 0.53
Al 4.92 5.15 4.77 5.27 4.51 5.29 4.55 4.91 4.36 4.43
Cr 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Si 6.42 6.31 6.48 6.23 6.69 6.24 6.53 6.36 6.66 6.62
Ti 0.12 0.08 0.12 0.09 0.09 0.04 0.13 0.10 0.09 0.09
Total 14.00 14.09 14.06 14.03 13.96 14.06 14.07 14.14 14.10 14.12
Table 3.1: Representative core-rim white mica compositions
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Table 3.2
Core-rim chemical composition of the biotite analysed in each sample
Gneiss Group 1A IB
Sample NF40 NF42 NF43 NF106 NF48
Position Core Rim Core Rim Core Rim Core Rim Core Rim
F 0.14 0.22 0.12 0.15 0.10 0.02 0.14 0.21 0.13 0.13
c i 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.04 0.03
Na20 0.27 0.25 0.15 0.10 0.13 0.09 0.08 0.09 0.14 0.10
K20 8.61 8.92 9.07 8.76 9.53 9.46 8.84 9.34 9.18 9.31
MgO 12.58 12.43 15.37 15.63 10.61 10.64 11.32 11.47 10.62 10.69
CaO 0.13 0.06 0.03 0.08 0.00 0.00 0.06 0.01 0.02 0.02
MnO 0.07 0.05 0.03 0.03 0.17 0.16 0.16 0.17 0.14 0.15
FeO 15.54 15.36 12.96 12.59 17.21 17.38 18.38 17.95 18.22 18.22
a i2o 3 17.94 17.90 16.95 17.40 18.52 18.64 16.70 16.41 17.73 17.88
Cr20 3 0.04 0.03 0.03 0.02 0.04 0.05 0.02 0.01 0.02 0.00
Si02 37.13 36.73 37.85 37.65 35.81 35.74 36.26 36.78 35.76 36.07
Ti02 1.89 1.95 2.27 2.22 2.64 2.70 2.93 3.28 2.43 2.35
Total 94.43 93.98 94.93 94.68 94.81 94.92 94.90 95.74 94.48 94.96
F 0.07 0.10 0.06 0.07 0.05 0.01 0.07 0.10 0.07 0.07
ci 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
Na 0.08 0.08 0.04 0.03 0.04 0.03 0.02 0.03 0.04 0.03
K 1.65 1.72 1.71 1.65 1.85 1.83 1.72 1.80 1.79 1.81
Mg 2.82 2.81 3.39 3.44 2.40 2.40 2.57 2.59 2.43 2.43
Ca 0.02 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00
Mn 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02
Fe 1.95 1.95 1.61 1.56 2.19 2.21 2.34 2.27 2.34 2.32
Al 3.18 3.20 2.95 3.03 3.32 3.33 3.00 2.93 3.20 3.21
Cr 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Si 5.58 5.57 5.60 5.57 5.44 5.42 5.52 5.56 5.48 5.49
Ti 0.21 0.22 0.25 0.25 0.30 0.31 0.34 0.37 0.28 0.27
Total 15.58 15.68 15.64 15.61 15.61 15.55 15.61 15.68 15.67 15.65
Table 3.2 cont
Core-rim chemical composition of the biotite analysed in each sample
Gneiss Group IB 1C
Sample NF88 NF89 NF96 NF99 NF47
Position Core Rim Core Rim Core Rim Core Rim Core Rim
F 0.09 0.12 0.00 0.18 0.24 0.11 0.12 0.08 0.06 0.17
a 0.03 0.03 0.05 0.05 0.06 0.05 0.04 0.08 0.07 0.07
Na20 0.11 0.10 0.13 0.10 0.07 0.06 0.11 0.09 0.15 0.19
K20 9.44 9.39 9.59 9.60 9.59 8.57 9.54 8.96 9.06 9.13
MgO 9.36 9.37 9.25 9.27 10.41 11.00 9.96 9.76 11.84 11.85
CaO 0.01 0.05 0.00 0.02 0.00 0.02 0.02 0.05 0.07 0.08
MnO 0.16 0.20 0.36 0.39 0.22 0.22 0.18 0.20 0.26 0.21
FeO 20.20 19.81 19.52 19.27 18.95 19.07 19.45 20.42 18.51 18.54
A120 3 17.84 18.35 17.82 17.91 17.85 17.81 17.90 17.96 16.04 16.04
Cr20 3 0.02 0.01 0.04 0.04 0.04 0.03 0.00 0.03 0.04 0.03
Si02 35.98 35.80 35.83 36.05 36.09 34.73 35.96 35.12 36.71 36.73
Ti02 2.64 2.50 3.02 2.87 2.74 2.57 2.34 2.51 2.80 2.62
Total 95.87 95.74 95.60 95.75 96.25 94.24 95.60 95.26 95.63 95.77
F 0.04 0.06 0.00 0.09 0.12 0.06 0.06 0.04 0.03 0.08
a 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.02
Na 0.03 0.03 0.04 0.03 0.02 0.02 0.03 0.03 0.04 0.06
K 1.83 1.83 1.86 1.87 1.85 1.69 1.85 1.75 1.75 1.77
Mg 2.12 2.13 2.10 2.11 2.35 2.53 2.26 2.23 2.67 2.68
Ca 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01
Mn 0.02 0.03 0.04 0.05 0.03 0.03 0.02 0.03 0.03 0.03
Fe 2.57 2.52 2.49 2.46 2.40 2.46 2.48 2.62 2.34 2.35
Al 3.20 3.29 3.20 3.22 3.18 3.23 3.22 3.25 2.87 2.87
Cr 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
Si 5.48 5.45 5.46 5.49 5.47 5.35 5.48 5.40 5.56 5.57
Ti 0.30 0.29 0.35 0.33 0.31 0.30 0.27 0.29 0.32 0.30
Total 15.63 15.64 15.56 15.66 15.75 15.68 15.69 15.67 15.66 15.76
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Table 3.2 cont.
Core-rim chemical composition of the biotite analysed in each sample
Gneiss Group 1C 2A
Sample NF112 NF50 NF87 NF98 NF105
Position Core Rim Core Rim Core Rim Core Rim Core Rim
F 0.07 0.06 0.09 0.18 0.04 0.07 0.06 0.21 0.25 0.08
a 0.06 0.05 0.05 0.05 0.03 0.03 0.02 0.02 0.02 0.01
Na20 0.14 0.12 0.16 0.14 0.14 0.10 0.10 0.07 0.06 0.05
K20 9.34 9.39 9.04 9.05 9.13 9.46 9.68 9.67 9.63 9.56
MgO 12.54 12.44 12.71 12.46 11.86 11.81 10.31 10.64 8.85 8.72
CaO 0.03 0.04 0.03 0.02 0.09 0.07 0.02 0.02 0.00 0.00
MnO 0.21 0.20 0.18 0.23 0.15 0.15 0.23 0.25 0.54 0.56
FeO 16.27 15.83 17.10 17.01 16.23 16.18 18.89 18.84 20.98 20.83
A120 3 17.31 16.74 16.13 16.51 17.79 18.26 17.72 17.44 15.88 16.59
Cr20 3 0.00 0.03 0.02 0.06 0.05 0.04 0.02 0.05 0.00 0.00
Si02 36.71 36.57 36.26 36.20 37.07 37.06 35.90 36.16 34.65 34.12
Ti02 2.47 2.53 2.34 2.24 1.98 1.62 2.29 2.27 2.94 2.86
Total 95.15 94.00 94.18 94.17 94.57 94.85 95.22 95.64 93.80 93.41
F 0.03 0.03 0.04 0.09 0.02 0.03 0.03 0.10 0.13 0.04
a 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Na 0.04 0.03 0.05 0.04 0.04 0.03 0.03 0.02 0.02 0.02
K 1.79 1.83 1.77 1.77 1.75 1.82 1.89 1.88 1.95 1.94
Mg 2.82 2.82 2.90 2.84 2.67 2.65 2.34 2.42 2.09 2.06
Ca 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.00
Mn 0.03 0.03 0.02 0.03 0.02 0.02 0.03 0.03 0.07 0.08
Fe 2.05 2.01 2.19 2.18 2.05 2.04 2.41 2.40 2.78 2.76
Al 3.07 3.00 2.91 2.98 3.16 3.24 3.18 3.14 2.96 3.10
Cr 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00
Si 5.52 5.57 5.54 5.54 5.59 5.58 5.48 5.51 5.49 5.41
Ti 0.28 0.29 0.27 0.26 0.23 0.18 0.26 0.26 0.35 0.34
Total 15.65 15.64 15.71 15.76 15.54 15.60 15.67 15.77 15.85 15.74
Table 3.2 cont.
Core-rim chemical composition of the biotite analysed in each sample
Gneiss Group 
Sample NF35 NF51
2B
NF90 NF91
Position Core Rim Core Rim Core Rim Core Rim
F 0.21 0.17 0.13 0.15 0.15 0.17 0.32 0.32
a 0.01 0.01 0.05 0.04 0.05 0.04 0.07 0.07
Na20 0.08 0.09 0.24 0.24 0.06 o.m 0.07 0.06
K20 9.65 9.73 9.28 9.27 9.60 8.01 9.60 9.57
MgO 10.08 9.96 11.34 11.33 7.67 6.63 7.96 8.05
CaO 0.00 0.00 0.06 0.08 0.00 2.29 0.04 0.03
MnO 0.39 0.43 0.25 0.24 0.31 0.29 0.44 0.43
FeO 19.21 19.49 19.24 18.94 22.34 20.44 22.22 22.50
A120 3 16.24 16.30 15.30 15.13 16.43 16.22 15.54 15.42
Cr20 3 0.03 0.00 0.00 0.00 0.00 0.01 0.01 0.00
Si02 36.60 36.22 36.19 36.16 36.02 38.19 36.12 35.89
Ti02 2.27 2.60 2.59 2.58 2.78 2.37 2.61 2.37
Total 94.84 95.06 94.72 94.25 95.39 94.70 95.00 94.72
F 0.10 0.08 0.06 0.07 0.07 0.08 0.16 0.16
a 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.02
Na 0.02 0.03 0.07 0.07 0.02 0.01 0.02 0.02
K 1.90 1.91 1.83 1.83 1.90 1.57 1.93 1.93
Mg 2.32 2.29 2.61 2.62 1.78 1.52 1.86 1.89
Ca 0.00 0.00 0.01 0.01 0.00 0.37 0.01 0.01
Mn 0.05 0.06 0.03 0.03 0.04 0.04 0.06 0.06
Fe 2.48 2.51 2.48 2.45 2.90 2.63 2.92 2.97
Al 2.95 2.96 2.78 2.77 3.01 2.94 2.88 2.87
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Si 5.64 5.58 5.59 5.60 5.60 5.87 5.67 5.67
Ti 0.26 0.30 0.30 0.30 0.32 0.28 0.31 0.28
Total 15.74 15.73 15.79 15.79 15.66 15.32 15.82 15.86
Table 3.2: Representative core-rim biotite compositions
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Fig. 3.2: Photomicrographs of samples from the five petrographic types of gneiss 
documented in this study. (A) Group la  gneiss with preserved high-pressure relicts 
(NF43), (B) Group lb  gneiss (NF48) no longer contains relicts from the high- 
pressure evolution. Note the formation of white mica fish and foliation defined by 
biotite. (C) Group lc gneiss (NF112) with relict symplectites of biotite + 
plagioclase after white mica preserved in quartz ribbons. (D) Group 2a gneiss 
showing highly degraded garnet and minor flakes of white mica (NF98) and (E) 
Group 2b gneiss (NF51). Mineral abbreviations after Whitney & Evans (2010), 
WM = white mica and Sym = symplectite
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clinopyroxene and plagioclase provide evidence for precursor omphacite (Wain et al. 
2000).
White micas are 0.5-2.5 mm in length, with Si compositions ranging from 6.8-6.3 per 
formula unit (pfu; core to rim). Crystals are ubiquitously surrounded by replacement 
biotite-plagioclase symplectites. Biotite grains within the symplectite are generally <0.5 
mm in size and are chemically variable with Mg/Mg+Fe (Mg#) of 0.52-0.73 and Ti 
concentrations of 0.2-0.3 pfu.
Group lb  gneisses (that are white-mica bearing and do not preserve HP phases) occur at 
all three localities (Krokkenakken: NF106; Flatraket Harbour: NF48; Fig. 3.2B) and 
Drage: NF88 , NF89, NF96 and NF99). These gneisses are foliated and composed of 
quartz, plagioclase feldspar, garnet, white mica, biotite and rare alkali feldspar with 
accessory phase of rutile, apatite and zircon.
White micas, 0.5-2.5 mm in length, show strong zonation in Si from core to rim from 6 .8-
6.1 pfu. There is minor rim alteration to biotite. Biotite is <0.5 mm in length in these 
samples and forms euhedral laths that define the fabric in the samples. They show a wide 
range in composition with Mg# ranging from 0.46-0.51 and Ti concentrations between 
0.23-0.34 pfu.
Subordinate in volume to Group lb gneisses, Group lc  gneisses preserve neither HP 
minerals nor white mica (Flatraket Harbour: NF47, NF50 and NF112; Drage: NF87). 
These gneisses are located close to the contact with the mafic eclogites and are also found 
close to the contact with the amphibolite-facies biotite-epidote gneisses described below. 
They contain quartz, plagioclase feldspar, garnet, epidote (commonly with allanite cores), 
and biotite with accessory phases of ilmenite, apatite and zircon. Rare biotite-plagioclase 
symplectites preserved in quartz ribbons attest to the former presence of white mica (Fig 
3.2C.). Biotite laths are generally <1 mm in length and yield a narrow range in composition 
with Mg# values from 0.53-0.58 and Ti concentrations from 0.20- 0.34 pfu.
Group 2 gneiss is found across the Outer Nordfjord area of the WGR and forms 
approximately 70% by volume of the felsic gneisses in the study area (Peterman et al 
2009). Typically these gneisses are foliated, and grey in colour in the field. These gneisses 
preserve the lowest metamorphic grade assemblages in the basement. At Drage (Fig. 3.1), 
within the core of the Nordfjord-Stadlandet UHP domain, these gneisses are intensely 
migmatised. Biotite-epidote gneisses can be further subdivided into those that still preserve 
relict white mica (Group 2a) and those that do not (Group 2b).
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Located close to the contact with Group lc  gneisses, Group 2a gneisses contain an 
amphibolite-facies assemblage of biotite, epidote, quartz, and plagioclase and preserve 
skeletal relicts of white mica and garnet. The garnets are small, <1 mm in diameter, and are 
heavily corroded, as shown by Fig 2D. The white mica shows evidence of melting, 
converting to alkali feldspar + quartz at the rims. This type of gneiss occurs only at 
Krokkenakken (NF105) and at Drage (NF98; Fig 3.2D).
The relict white mica is <0.5 mm in length and shows a zonation in Si from core to rim 
from 6.6-6.3 pfu. The biotite is 0.5-1 mm in length and forms subhedral to euhedral laths 
that define the fabric. Biotite yields a broad range of compositions with Mg# ranging from 
0.40-0.51 and Ti concentrations from 0.12-0.42 pfu.
Group 2b samples include NF35 from Krokkenakken, NF51 from Flatraket Harbour (Fig. 
3.2E) and samples NF90 and NF91 from Drage. They have a broadly similar petrology to 
Group 2a gneisses of quartz, plagioclase, biotite, epidote (with common allanite cores and 
forming predominant porphyroblasts) and minor amphibole and K-feldspar. Accessory 
phases include titanite, ilmenite, apatite and zircon.
Biotite defines the fabric in these samples and is often inter-grown with titanite. The fabric 
both wraps around and is overprinted by the epidote porphyroblasts, suggesting epidote 
growth during and after deformation during amphibolite-facies metamorphism. Biotite 
grains are ~1 mm in length and yield a broad range in chemistry, with Mg# varying from 
0.37 to 0.55 and with Ti concentrations from 0.20 to 0.37 pfu.
3.4 40Ar/39Ar Analysis
White mica and biotite were picked from crushed samples for single-grain fusion analysis. 
Those grains that showed the least deformation and the fewest inclusions were selected. 
Care was taken when selecting white mica grains from symplectised samples, to avoid the 
grains rimmed by biotite-plagioclase symplectites.
Samples were analysed at two facilities: the Ar/Ar and Noble Gas Laboratory at the Open 
University (OU), and the NERC-funded Argon Isotope Facility (AIF) housed at the 
Scottish Universities Environmental Research Centre (SUERC)
3.4.1 Open University
50 grains of white mica and/or biotite were separated from each sample and were washed 
in acetone, methanol and distilled water before being packed into aluminium foil packets.
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Polished thick sections (-250 pm) were prepared by adhesion to glass slides with 
cyanoacrylate. Sections were removed from the glass by soaking in acetone for up to 24 
hours and then cut into 5 x 5  mm squares before washing and packing as above.
Samples (to be analysed at the Ar/Ar and Noble Gas Research Laboratory at the Open 
University) were first irradiated at McMaster University Reactor, Ontario. Irradiation flux 
was monitored using the biotite standard GA1550 with an age of 99.80 ±0.1 Ma (Renne et 
al., 2010). The following corrections were applied to the standards: (39Ar/37Ar)ca = 
0.00065 ± 0.0000033, (36Ar/37Ar)Ca = 0.0002654 ± 0.0000013, (40Ar/39Ar)K = 0.0085 ± 
0.0000425 based on analyses of Ca and K salts; only the K correction was applied to the 
analysed samples. Sample J  values (± 0.5 %) are presented in Appendix C and were 
calculated by linear interpolation between two bracketing standards with standards 
included between every 8-10 samples in the irradiation tube. Background measurements 
bracketed every 1-2 sample measurements. Analyses were corrected for mass spectrometer 
discrimination, using a value of 283 for the samples analysed on the MAP 215-50 and 295 
for samples analysed on the Nu instruments Noblesse. Age data was reduced using the 
decay constants of Min et al., (2000).
As with many small-volume 40Ar/39Ar studies, the measured 36Ar approaches the detection 
limits. The correction for atmospheric argon magnifies the error on the final 40Ar/39Ar age 
(Sherlock et a l 2005). Samples were only corrected for atmospheric argon when the
or
measured Ar was <2x that of the background measurement. The uncertainty on the non­
atmosphere-corrected analyses was doubled to compensate (Sherlock et al., 2005, Sherlock 
et al., 2008, Warren et al., 2011, Warren et al., 2012a); these instances are marked on the 
data table.
Samples were loaded into an ultra-high vacuum laser port and placed under a heat lamp for 
8 hours to reduce atmospheric background levels. Total fusion of single grains of the 
unknowns and flux monitors was achieved using a 1062nm CSI Fibre laser coupled to an 
automated gas handling vacuum system and admitted to a MAP 215-50 noble gas mass 
spectrometer with a gettering time of 210 seconds.
Higher resolution single spot and traverse analyses on polished thick sections were 
achieved using a New Wave Systems Nd-YAG 213 nm ultraviolet (UV) laser coupled to a 
Nu Instruments Noblesse gas mass spectrometer. UV analyses consisted of ablating 30 pm 
diameter spots for 90 seconds followed by 90 seconds gettering time.
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Both mass spectrometers were run in single-collector mode and unwanted gas species were 
gettered using two SAES AP10 Zr-Al getters (one at room temperature and the other at 
450°C). A liquid nitrogen cold trap on the MAP 215-50 provided additional gas cleaning 
prior to inlet to the mass spectrometer. Peaks of 40Ar, 39Ar, 38Ar, 37Ar and 36Ar were 
scanned ten times each and the data extrapolated back to the inlet time (time zero). Data 
were reduced using the in-house software package ArMaDiLo developed by James 
Schwanethal. Age uncertainties are reported to 2a and uncertainties on the analytical 
precision are reported to la.
3.4.2 SUERC
Single crystals of muscovite and biotite were loaded into Al discs, and stacked in a flame- 
sealed glass vial for irradiation. Standards of GA1550 with an age of 99.80 ±0.1  Ma 
(Renne et al., 2010) were placed within wells adjacent to the samples and throughout the 
entire stack to permit detailed characterisation of the irradiation flux both horizontally and 
vertically. Samples were irradiated in the Cd-lined (CLICIT) facility of the Oregon State 
University (USA) TRIGA reactor.
Samples were fused with a CO2 laser (full details are explained in Mark et al., (2011)). The 
J parameter was determined to a precision of 0.2%. Isotope data were collected using a 
GVI ARGUS multi-collector mass spectrometer (Mark et al., 2009). Samples were heated 
for 20 seconds prior to 300 seconds clean-up. Extracted gases were cleaned using 2 GP50 
SAES getters (one operated at 450°C and one at room temperature). The extraction, clean 
up and data collection processes were entirely automated. Average backgrounds ± standard 
deviations from all five blank runs were used to correct isotope abundances. Air 
calibrations were collected after every 8 analyses to monitor mass discrimination. A 
40Ar/36Ar value of 300.08 ± 0.19 was used to correct the data for mass discrimination. A 
power law function was used for the mass discrimination correction (Renne et al., 2009b).
Berkeley Geochronology Centre software ‘massspec’ was used to regress and reduce age 
data using the decay constants of Min et al., (2000). The isotope data were corrected for 
blank, radioactive decay, mass discrimination and interfering reactions. All data are 
reported according to the recommendations of Renne et al., (2009a). Data are reported to 
la  as measurement ± analytical precision.
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3.5 40Ar/39Ar Results
3.5.1 Single grain fusion data
19 samples of gneiss from the 5 petrographic types were selected for single grain fusion 
analysis to understand the age variations between the different petrographic types of 
gneiss. A summary of the single grain fusion data is provided in Table 3.3 and 3.4 and 
shown in Fig. 3.3. The full dataset is provided in Appendix C.
3.5.1.1 Garnet-bearing Gneisses
Three Group la  samples from Krokkenakken (NF40, NF42 and NF43), totalling 33 white 
mica analyses and 34 biotite analyses, yielded single grain fusion (SGF) ages that range 
from 407 ± 5.3 Ma to 383 ±4.1 Ma for the white mica and 438 ±2.0 Ma to 360 ±1.9 Ma 
for biotite (Fig. 3.3A).
Six Group lb  samples, from Krokkenakken (NF106); Flatraket Harbour (NF48) and 
Drage (NF88 , NF89, NF96 and NF99), totalling 107 white mica and 107 biotite SGF 
analyses, yielded white mica ages ranging from 423 ±7.1 Ma to 378 ± 4.5 Ma and biotite 
ages ranging from 414 ± 5.7 Ma to 363 ± 5.2 Ma (Fig. 3.3B).
Four samples of white-mica-free Group lc  gneisses from Flatraket Harbour (NF47, 
NF112 and NF50) and Drage (NF87), totalling 63 biotite SGF analyses, yielded ages from 
423 ± 7.5 Ma to 382 ± 4.3 Ma (Fig. 3.3C).
3.5.1.2 Biotite-Epidote Gneisses
Two samples of Group 2a gneisses from Krokkenakken (NF105) and Drage (NF98), 
totalling 30 white mica and 30 biotite SGF analyses, yielded white mica ages that range 
from 411 ± 8.7 Ma to 377 ± 8.3 Ma and biotite ages ranging from 398 ±11.8 Ma to 371 ±
8.2 Ma (Fig. 3.3D).
Four Group 2b samples from Krokkenakken (NF35); Flatraket Harbour (NF51) and Drage 
(NF90 and NF91), totalling 94 biotite SGF analyses, yielded ages that range from 430 ± 
1.9 Ma to 374 ± 2.0 Ma (Fig. 3.3E).
3.5.2 UV Laser Ablation data
Five samples were selected for detailed in-situ laser ablation analysis to provide spatial 
context to the observed single grain fusion age variations. A summary of the ages is
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provided in Table 3.3 and 3.4 and on the representative photomicrographs in Fig. 3.4. The 
full dataset is provided in Appendix D.
45 spots on four white mica grains from Group la  sample NF40 and 87 spots on three 
white mica grains from NF43 (Fig 3.4A) yielded single spot ages ranging from 414 ± 2.7 
Ma to 382 ±3.1 Ma and 502 ± 7.8 Ma to 349 ± 5.7 Ma, respectively. Within uncertainty, 
each grain yielded internally consistent ages with no consistent core-rim variations.
16 and 21 spots on five biotite grains in each of the same samples yielded ages that range 
from 394 ± 3.8 Ma to 387 ± 2.5 Ma for sample NF40 and 400 ± 4.9 Ma to 371 ± 7.1 Ma 
for sample NF43.
19 spots on one large grain (~1 mm) of white mica and 18 spots on nine biotite grains from 
a Group lb  sample (NF48) yielded a range of ages from 394 ± 2.7 Ma to 382 ± 5.1 Ma 
and 449 ± 8.0 Ma to 378 ± 2.5 Ma (Fig. 3.4B).
23 spots on eight grains of biotite, three included within a garnet and five within the 
matrix, were analysed from a sample of Group lc  gneiss (NF50) from Flatraket Harbour 
(Fig. 3.4C). A range of ages from 422 ±4.1 Ma to 371 ± 8.6 Ma was yielded. 24 spots on 
8 grains of biotite from the matrix of Group 2b sample NF51 (Fig. 3.4D) from Flatraket 
Harbour yielded a range of ages from 441 ± 4.4 Ma to 381 ± 3.6 Ma.
3.6 Discussion
3.6.1 Comparison between single grain fusion and in-situ data
Single-grain fusion data from white mica and biotite separates from felsic gneisses from 
across the three localities and across the different petrological associations, show a broad 
spread in 40Ar/39Ar ages from 411 ± 8.7 Ma to 383 ±4.1 Ma in white mica and 430 ±1.9 
Ma to 360 ± 1.9 Ma in biotite. In-situ UV laser data from selected samples shows that the 
distribution of Ar both within and between grains of white mica and biotite is non- 
systematic and highly variable. Overall the yielded age range is greater with the in-situ 
analyses but the two methods yield broadly similar weighted means.
3.6.2 Comparison of Ages vs. Mineral Chemistry
Both the white mica and the biotite show geochemical zonation (Section 3.3). The Si 
content of the white mica ranges from 6 .8-6.3 (core-rim) in Group la, 6 .8-6 .1 in Group 
lb, and 6.6-6.3 in Group 2a. Biotite core-rim vary in Mg# (Mg/Mg+Fe) range from 0.52- 
0.71,
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Figure 3.4: 
Photomicrographs of 
the in-situ UV laser 
ablation 40Ar /39Ar 
analyses. A and B 
show analyses of 
white mica grains 
while C and D show 
analyses of biotite 
grains. (A) Sample 
NF43 (Group la),
(B) White mica from 
sample NF48 (Group 
lb), (C) Biotite from 
sample NF50 (Group 
lc), (D) Group 2b 
gneiss (sample 
NF51).
NF48
/  r  i  N F 5Q
l a
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0.46-0.51, 0.53-0.58, 0.40-0.51, and 0.37-055 for Groups la-c and Groups 2a-b, 
respectively.
A way to test whether the composition of the analysed mica has an effect on the resulting 
40Ar/39Ar age is to compare the 37Ar/39Ar and 38Ar/39Ar ratios with age. 37Ar is produced
oo
from Ca and Ar is produced from Cl during the irradiation process and these ratios reflect 
the Ca/K and the Cl/K ratios. In Fig 3.5.A and 3.5.B the 37Ar/39Ar and 38Ar/39Ar vs. age are 
shown for the single grain fusion dataset for all analysed samples. 97% of white mica and 
99% of biotite 37Ar/39Ar ratios lie between 0 and +0.2. 98% of white and 99% of biotite 
38Ar/39Ar data he between 0.005 and 0.02. These plots show that there is no statistical 
correlation between age and the Ar isotopic composition of the micas (regardless of 
mineral type and despite the varying geochemistry of the micas) and therefore no link 
between mineral chemistry and 40Ar/39Ar age.
The In-situ laser ablation dataset also shows a correlation in 37Ar/39Ar and 38Ar/39Ar vs. 
age (Fig. 3.5.C and 3.5.D). 96% of white mica and 98% of biotite 37Ar/39Ar ratios lie 
between 0 and 1. However, there is a difference in the 38Ar/39Ar ratios when compared 
with the single grain fusion dataset. 99 % of white mica ratios lie between 0.005 and 0.02
ao an
but there is a pattern in the Ar/ Ar ratios of the biotite. Different samples cluster together 
and have different ranges in 38Ar/39Ar ratios. These clusters do not relate to the 
petrographic groups as Group la  gneisses (NF42 and NF43) group with Group 2b gneiss
oo an
NF91. Instead this apparent spread in Ar/ Ar vs. age is due to the higher sensitivity of 
the Nu instruments Nobelesse over the MAP215-50 used for the in-situ analyses.
3.6.3 Comparison between new and previously published ages and age ranges
The yielded 40Ar/39Ar ages span the timing of the entire metamorphic cycle from prograde 
metamorphism at c. 420-404 Ma (Sm-Nd and Lu-Hf garnet; Kylander-Clark et al, (2007), 
through peak metamorphism at c. 405-400 Ma (U-Pb zircon; Root et al., (2005) to the 
timing of amphibolite-facies recrystallization at c. 399-379 Ma (U-Pb titanite; Spencer et 
al, (2013).
15% of all white mica and 38% of all biotite single grain fusion ages fall within the 20 Ma 
spread in the U-Pb titanite ages (Spencer et al, 2013), with 85% of white mica and 59% of 
biotite ages being older. Only 56% of the in-situ white mica ages fall within the range of 
titanite ages, with 41 % being older. Biotite in-situ data yield a more tightly constrained 
dataset with 73% of biotite 40Ar/39Ar ages falling within the range of the titanite age and 
only 11% being older.
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Published white mica 40Ar/39Ar step heating plateau ages for the Outer Nordfjord area, 
range from 389-374 Ma (Andersen et al., 1998, Hacker & Gans 2005, Root et al., 2005, 
Walsh et al., 2007, Young et al., 2011, Walsh et al., 2013). White mica single grain fusion 
and in-situ 40Ar/39Ar ages from this study range from 423-377 Ma and 502-348 Ma, 
respectively. This is a far greater range than what is observed in the step heating plateau 
ages. This spread is due, in part, to step heating method masking Ar distributions by 
averaging within grain Ar variability.
Published biotite 40Ar/39Ar step heating plateau ages range from 467-379 Ma (Hacker & 
Gans 2005, Root et al., 2005). Biotite single grain fusion and in-situ analysis from this 
study range from 438-360 Ma and 449-360 Ma, respectively. The range of biotite 40Ar/39Ar 
age from this study is well within the range of those observed in other studies.
The published plateau ages have been interpreted as representing the time at which the 
white mica and biotite cooled through Tc’s of 400°C and 350°C (Andersen et al, 1998, 
Hacker & Gans 2005, Root et al., 2005, Hacker 2007, Walsh et al., 2007, Young et al., 
2011, Walsh et al, 2013). These studies however, did not consider the age data in terms of 
the metamorphic history and whether the application of the Tc formulation is applicable to 
these ages.
A single grain fusion and in-situ study of white mica from felsic lithologies from the Outer 
Nordfjord area showed that in detail, white mica ages are highly variable, both within and 
between samples with white mica 40Ar/39Ar ages that range from 413-379 Ma (Warren et 
al, 2012a). The white mica 40Ar/39Ar ages from this study show a very similar spread 
(420-385 Ma).
The age ranges yielded by this study prove problematic for interpretation in terms of a 
cooling history because they span almost the entirety of the known timing of the 
metamorphic cycle. The different lithologies studied here allow the ages to be considered 
in relation to the recorded reaction history.
3.6.4 Ar (re)distribution during a metamorphic cycle
There are several possible explanations for the wide range of 40Ar/39Ar dates yielded 
within/between petrologically similar samples and within/between grains. These include 
the loss or gain of Ar due to diffusion, recrystallization, deformation, partial melting and/or 
the availability/influence of fluids.
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3.6.4.1 Diffusion
In order to determine whether the white mica and biotite ages reflect diffusive loss during 
the exhumation of the WGR, it is useful to assess the 40Ar/39Ar ages that would be 
expected under the assumptions inherent in the Dodson (1973) Tc formulation and given 
the published constraints on the WGR P-T-t cycle. The amount of diffusion depends on: 
1) the mineral type (diffusion parameters are different for different minerals), 2) grain size 
(maximum diffusion radius in most cases is taken to be the grain radius, and diffusive 
equilibration is faster in smaller grains); 3) the temperature, and to a lesser extent the 
pressure, history since crystallisation experienced by the grain being dated (the higher the 
initial temperature, and the lower the initial pressure the more rapidly diffusion will 
operate to reset the mineral’s age), and 4) the grain boundary Ar concentration (an ‘open’ 
boundary, with low Ar concentration, will allow efficient Ar removal).
Ar diffusion was modelled numerically in order to determine the 40Ar/39Ar ‘cooling’ ages 
that would be expected for a purely diffusive, open system, given the P-T-t history of the 
WGR using DiffArg_inverse modified from Diffarg Wheeler (1996), (Warren et al, 
2012c). For a more in-depth explanation of the diffusion modelling, the reader is referred 
to Chapter 2. Two main model series were investigated:
(1) White mica models: an average grain radius of 0.5 mm was chosen, growing at peak 
conditions of 600-750°C at 2.3-3.5 GPa, representing the peak metamorphic conditions of 
the three chosen localities, since white mica forms part of the peak metamorphic 
assemblage in the felsic gneisses. This was followed by decompression to amphibolite- 
facies conditions of 700°C at lGPa, 2 Ma later. This was subsequently followed by cooling 
at a rate of 25°CMa‘1 from amphibolite-facies conditions, with decompression set so that P 
reaches zero at the same time as T.
(2) Biotite models: an average grain radius of 0.5 mm was chosen, growing at amphibolite- 
facies conditions of 700°C at 1.0 GPa. This was followed by cooling at a rate of 25°CMa'1 
from amphibolite-facies conditions, with decompression set so that P reaches zero at the 
same time as T. ■
Petrographic studies of biotite show that it grew during the decompressive breakdown of 
white mica and forms part of the amphibolite-facies assemblage. However, what is 
unknown is the exact point along the decompression path biotite began to grow. 
DiffArg_inverse does not have a pressure variable written into the code for biotite (cf. 
Chapter 2). This is because experimental data has shown that pressure has a negligible
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effect on Ar diffusion in biotite above 0.4 GPa (Harrison et al. 1985). Therefore, as the 
decompression path from peak metamorphic conditions is isothermal, with only changes in 
P, biotites were modelled from amphibolite-facies conditions.
The model results show that for an assumed cooling rate of 25°CMa"1, white mica ages 
should be 8 Ma younger and biotite ages should be 13 Ma younger than the timing of 
cooling initiation. For a cooling initiation age of 393 Ma (weighted average U-Pb titanite 
for the Nordfjord area; Spencer et al, (2013)) this means that white mica should yield bulk 
ages of 385 Ma with core-rim ages that range from 388-386 Ma. Biotite should yield bulk 
ages of 380 Ma and core-rim ages that range from 385-379 Ma.
It can be expected that mica from samples collected from the same locality would 
experience the same cooling history. The results of the diffusion models show that 
regardless of the timing of peak metamorphic conditions, white mica and biotite should 
only record the cooling from amphibolite-facies conditions because of the high 
temperatures involved. Since the temperature at amphibolite-facies conditions is ~700°C, 
much greater than the Tc’s of white mica and biotite, volume diffusion should be efficient 
to reset the mica 40Ar/39Ar ages. This implies that the amphibolite-facies P-T conditions 
should have the greatest effect on the resulting white mica and biotite 40Ar/39Ar ages; all 
40Ar/39Ar ages should in theory reflect the timing of cooling and exhumation.
The diffusion model results are sensitive to a number of input uncertainties, which can be 
divided into those that cause spread within the modelled ages and those that shift the whole 
population. Uncertainties that cause spread in the resulting modelled bulk ages are the 
grain size and the temperature. Variations in grain radius between 0.25-1 mm and 
variations in the amphibolite-facies temperatures of ± 50°C yield only a ± 2 Ma uncertainty 
in the modelled age. Input variables that shift the whole population are the diffusion 
parameters inherent within DiffArg_inverse, and the modelled cooling rate. The 
uncertainty in the diffusion parameters yields a ± 4 Ma uncertainty. These uncertainties are 
well within the la  error of the single grain fusion and in-situ 40Ar/39Ar ages observed in 
this study. Altering the cooling rate between 10-50°CMa'1 causes a -6 to a +2 Ma variance 
in the modelled age. This is also within the la  error of the single grain fusion and in-situ 
data. Differences in the cooling rate cannot provide an explanation for the heterogeneity 
observed in the single grain fusion and in-situ datasets, since different grains from a hand- 
specimen sized sample from the same locality would not experience differing cooling 
rates.
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A key prediction of the pure diffusion model for Ar distribution is the presence of 
systematic core-rim age variations within grains. Ar loss by diffusion should result in 
grains with older cores and younger rims. Ar gain from the grain boundary could result in 
younger cores and older rims (Warren et al., 2011). The in-situ white mica data, 
documented in this chapter and Chapter 4, reveals that 40Ar/39Ar ages are patchily 
distributed, with the oldest ages not concentrated within the geographic cores of the white 
mica grains and no clear-cut core-rim profiles. Biotite yields a relatively homogeneous 
spread in in-situ ages and yields little variation in age between the different petrographic 
types, despite the variations in composition and metamorphic grade. This, in conjunction 
with the spread in single grain fusion ages (for white mica and biotite both within and 
between the three localities) implies that diffusion was not the principal mechanism by 
which Ar was redistributed within both the white mica and the biotite, despite cooling from 
an ambient temperature of ~700°C during amphibolite-facies overprint (Spencer et al, 
2013).
3.6.4.2 Role of White Mica Breakdown
Mica recrystallization during metamorphism may exert a far greater influence on the 
resetting of isotopic ages than diffusion, and should outpace diffusion e.g. Villa (1997) and 
Allaz et al, (2011). The garnet-bearing gneisses documented in this study clearly reflect 
the effects of increasing recrystallization along the retrograde metamorphic path on mica 
40Ar/39Ar ages.
Under peak metamorphic conditions, white mica was the only stable K-bearing phase. As 
exhumation and decompression initiated and progressed, the white mica recrystallized via 
symplectization to biotite + plagioclase. Further recrystallization led to the loss of white 
mica, leaving biotite as the only K-bearing phase (Fig. 3A-C). 3 different samples (NF43, 
NF48 and NF50) document different stages of this. In general, biotite in samples which 
preserve white mica yields younger ages than the white mica (Fig. 3.6A and 3.6B).
Sample NF43 (Group la) documents the initial breakdown of white mica to biotite via 
symplectization. White mica single grain fusion 40Ar/39Ar ages in this sample range from 
407-383 Ma with a weighted mean age of 394 Ma. Biotite yields 390-383 Ma with a 
weighted mean of 385 Ma (Fig. 3.6A and 3.6B).
Further breakdown of white mica to biotite leads to the formation of the Group lb  gneiss. 
In sample NF48, white mica yields younger 40Ar/39Ar ages than those of NF43, from 391- 
381 Ma, with a weighted mean age of 386 Ma. Biotite conversely shows similar 40Ar/39Ar
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ages as NF43, with a range from 392-383 Ma and a weighted mean age of 387 Ma (Fig. 
3.6A and 3.6B).
This younging shift in the white mica 40Ar/39Ar ages and a corresponding “aging” of the 
biotite 40Ar/39Ar dates demonstrates that there is a loss of the “old” Ar from the white mica 
and only a corresponding partial uptake of Ar by biotite during the recrystallization 
process. Overall, recrystallization has led to an apparent 8 Ma decrease in the weighted 
mean white mica age and a 2 Ma increase in the weighted mean biotite age.
The loss of the white mica (documented in the Group lc  gneisses, Fig. 3.6B) is reflected 
in the remaining biotite data by a shift towards older ages. Sample NF50 yielded biotite 
40Ar/39Ar ages that range from 401-391 Ma, with a weighted mean age of 392 Ma (Fig. 
3.4A-C). This continued shift towards older biotite ages implies continued uptake of Ar 
from the white mica, as older ages are otherwise inconsistent with the later crystallisation 
of biotite.
In-situ analyses of the white micas from samples NF43 and NF48 show patchy 
distributions of Ar, older patches of 443-425 Ma and younger patches of 397-391 Ma. In 
contrast, biotite from samples NF43, NF48 and NF50 shows much more homogeneously 
distributed Ar, both within and between grains. The combination of single grain fusion and 
in-situ analyses therefore show that Ar is released from different grain reservoirs at 
different times as the white micas recrystallizes, creating varying fluxes in the grain 
boundary network Ar concentration.
3.6.4.3 Role of Deformation
Deformation can affect Ar isotope concentration within different portions of the same 
mineral by:
(i) Decreasing the grain size (which affects diffusion rate) (Reddy & Potts 1999, Camacho 
et al, 2012), and by
(ii) Forming microstructural defects, including dislocations and micropores, that 
effectively increase the rate at which Ar can migrate through a grain by orders of 
magnitude compared to volume diffusion (Reddy & Potts 1999, Camacho et al, 2012). In 
order for these defects to be effective sinks for Ar, they must connect to an external 
reservoir (i.e. the grain-boundary network) to allow Ar loss. Without this connection, these 
defects may trap 40Ar within the mineral (Camacho et al, 2012).
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Evidence for the effect of exhumation-related deformation on the Ar ages yielded by the 
felsic lithologies can be demonstrated by comparing the single grain fusion white mica and 
biotite 40Ar/39Ar ages from Group la  gneisses and Group lb  gneisses (Fig. 3.3A and B). 
Group la  gneisses preserve biotite-plagioclase symplectites that form from the breakdown 
of white mica. These structures are delicate and indicate that little or no deformation 
affected these gneisses during and/or after decompression (Hacker et al., 2010). These 
gneisses also preserve relicts from the HP evolution which are not documented in the other 
gneiss groups. White mica from Group la  gneisses range in 40Ar/39Ar age from 407-383 
Ma with a weighted mean age of 394 Ma while biotite range in age from 438-360 Ma with 
a weighted mean age of 382 Ma.
As deformation increases and the Group lb  gneisses develop, the delicate symplectite 
structures are lost and replaced by the development of a gneissose fabric formed from 
biotite + plagioclase. White micas become kinked, folded and form “fish” and the HP 
relicts are lost. The white mica also has a greater difference in the Si content from core to 
rim than white mica from Group la  gneisses. White mica in these gneisses yield a broader 
range of 40Ar/39Ar age, with a mean age that is younger than that observed in the Group la  
gneisses, ranging from 423-378 Ma (weighted mean 392 Ma). Biotite from these gneisses 
also yield a broader spread in age from 414-363 Ma, with an older weighted mean age of 
389 Ma compared to Group la.
The 40Ar/39Ar ages from these two petrographic types of gneiss show that deformation and 
the formation of the gneissose fabric from the original symplectic texture results in an 
overall decrease in the weighted mean age difference between the white mica and the 
biotite chronometers (13 Ma in the Group la  gneisses and only 5 Ma in the Group lb  
gneisses). This implies that during deformation, Ar is redistributed between the white mica 
and the biotite, leading to their ages converging.
3.6.4.4 Role of Migmatisation
Migmatites have been documented in many exhumed HP metamorphic complexes (Faure 
et al., 1999, Hermann et al., 2001, Ganzhom et al., 2014), with their formation in many 
places (including the WGR) linked to decompression from eclogite to the amphibolite 
facies conditions (Labrousse et al., 2002). At Drage, the amphibolite-facies gneisses show 
intense migmatisation. A key Group 2b gneiss (sample NF91), shows similar petrography 
to sample NF51 from Flatraket Harbour, although the latter shows no evidence for 
migmatisation.
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Biotite from NF91 yielded 40Ar/39Ar ages that range from 391-374 Ma with a mean age of 
389 Ma. Sample NF51 yields much older ages from 417-385 Ma with a weighted mean age 
396 Ma; (Fig. 3.6B). Migmatisation therefore appears to have acted to increase the 
interconnectivity of the grain boundary network, hence aiding the local removal of Ar from 
biotite. Overall migmatisation led to a younging in the weighted mean biotite 40Ar/39Ar 
ages of 7 Ma.
3.6.4.5 Role of Fluids
Fluids may control the redistribution and resetting of 40Ar/39Ar mineral ages in 
metamorphic rocks (Cumbest et al, 1994, Kelley 2002). Fluids can be derived internally, 
from dehydration reactions during retrogression (e.g. symplectization of white mica 
produces biotite + plagioclase + fluid), or be derived from external sources (e.g. from 
surrounding lithologies).
The behaviour of Ar at the mineral-grain boundary interface depends strongly upon the 
concentration of Ar in the fluid and the temperature. Ar, being a highly incompatible trace 
element, strongly partitions into the grain boundary network. This partitioning is dependent 
on the temperature and salinity of the fluid (Kelley 2002). If the fluid is super-saturated in 
Ar and the temperature is high, Ar will potentially diffuse into the mineral (Warren et al., 
2011). If the fluid has a low concentration of Ar and the temperature is high, then Ar will 
diffuse out of the grain and into the fluid. If there is no fluid present in the grain boundary 
network, Ar will remain within the mineral since there is no host for Ar outside the grain, 
unless of course it partitions into a neighbouring grain.
The felsic lithologies of the Outer Nordfjord region preserve evidence for fluid-based 
reactions during their decompression history. The white mica breaks down during the 
decompression and forms biotite + plagioclase. This reaction releases fluid. In contrast, the 
replacement of garnet (Group lc  gneisses) by epidote-group minerals (Group 2b 
gneisses) consumes water. Together these reactions show that water was both produced 
and consumed in the felsic rocks during the exhumation history, and that fluid was likely 
mobile at least on the local cm-scale.
The influence of fluid availability on the biotite 40Ar/39Ar age data between garnet-bearing 
and epidote-bearing lithologies can clearly be seen (Fig. 3.6C). The garnet-bearing rocks of 
Group lc  yield biotite ages of 423-382 Ma (weighted mean age 389 Ma). The epidote- 
bearing rocks of Group 2b yield older ages of 430-374 Ma (weighted mean age of 395 
Ma). Fluid percolation within these gneisses has thus increased the weighted mean single
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grain fusion biotite age by ~5 Ma and increased the age range from 41 Ma to 56 Ma. 
Conversely, the percolation of fluids within these gneisses has reduced the youngest biotite 
40Ar/39Ar age by 8 Ma, from 382 Ma to 374 Ma.
In-situ biotite analyses from NF50 of Group lc  and NF51 of Group 2b indicate an 
opposite trend. The age spread within each sample is lowered from Group lc  to Group 2b 
(441-381 Ma and 422-371 Ma, respectively). The weighted means of these samples are, 
however, identical at -395 Ma, and the range in biotite 40Ar/39Ar ages is reduced from 60 
Ma to 51 Ma.
On the petrographic-scale, the single grain fusion analysis shows that the fluids involved 
during the exhumation of the WGR acted as an Ar source, elevating the mean ages. On the 
individual sample-scale, in-situ analysis shows that the fluids behaved (at least partially) as 
a sink for Ar, reducing the overall range of biotite ages by -9 Ma and the youngest biotite 
40Ar/39Ar age by -10 Ma. Therefore although fluids clearly played a role in re-distributing 
Ar within and between samples during the metamorphic cycle, the overall effect is 
complex.
3.6.5 Summary
Recrystallization caused white mica weighted mean ages to be reduced by -8 Ma and 
biotite weighted mean ages to increase by -5 Ma. Recrystallization also reduced the spread 
in the age ranges from 24 Ma to 10 Ma in the white mica and causes the biotite age spread 
to increase from 7 Ma to 10 Ma. Deformation reduced white mica weighed mean ages by 
-2  Ma and increased the biotite weighted mean ages by -7 Ma. However, unlike 
recrystallization, deformation caused the spread in white mica ages to increase from 24 Ma 
to 45 Ma and reducd the spread in biotite age data from 78 Ma to 51 Ma. The process of 
migmatisation reduced the weighted mean biotite ages in the amphibolite-facies gneisses 
by -7 Ma and caused the spread in 40Ar/39Ar biotite ages to increase from 17 Ma to 32 Ma. 
Finally, the influx of fluids into the gneisses resulted in an increase in the weighted mean 
biotite ages by -5 Ma and an increase in the spread in ages data from 41 Ma to 56 Ma.
3.7 Consequences for the Interpretation of Metamorphic Ar Ages
Geochemically-similar felsic gneisses in the Outer Nordfjord area of the WGR record 
different ‘snapshots’ of the exhumation-portion of the PT path. White mica and biotite 
40Ar/39Ar ages and age ranges progressively change as the lithology changes, but not in a 
simple way.
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The 30 Ma mean spread between oldest and youngest 40Ar/39Ar white mica single grain 
fusion ages and 31 Ma mean spread in biotite single grain fusion ages across and within 
different samples cannot be explained in terms of pure diffusion. Instead, these data record 
a complex interplay between recrystallization, deformation, partial melting and fluid 
percolation, all of which have had an impact on the local Ar isotopic signature. No one 
single process appears to have dominated, and no single sample has an easily-interpretable 
pattern of 40Ar/39Ar ages.
White micas, which were stable at peak metamorphic conditions, do not show the core-rim 
age profiles that would be expected from simple diffusive-loss histories. Despite ~700°C 
temperatures estimated for both the peak metamorphic conditions and the amphibolite- 
facies overprint (Spencer et al, 2013); thermally-activated volume diffusion appears to 
have been inefficient at removing Ar from the white mica.
Biotite in many samples can be clearly texturally linked to white mica breakdown, 
suggesting that it formed during exhumation. The yielded ages suggest that the biotite did 
not crystallise in an environment in which 40Ar concentrations were negligible. The single 
grain fusion and in-situ biotite ages are younger than the timing of peak metamorphism at 
c. 405-400 Ma but, 77% of the single grain fusion and 79% of the in-situ ages correlate 
with the timing of amphibolite-facies recrystallization (estimated at 399-379 Ma from U- 
Pb titanite; Spencer et al., (2013)). Diffusion modelling suggests that biotite ages should be 
younger than the timing of the amphibolite-facies overprint by at least 11 Ma. However, 
the correlation between titanite U-Pb and biotite 40Ar/39Ar ages implies instead that biotite 
age data may reflect crystallisation at amphibolite-facies conditions.
The breakdowns of the assumptions in the Tc formulation (no diffusion and Ar in the grain 
at the time of crystallisation) suggest that the Outer Nordfjord 40Ar/39Ar dates cannot 
represent the timing of cooling through Tc’s of ~400-450°C for white mica and ~300°C for 
biotite (Grove & Harrison 1996, Harrison et al., 2009). This study instead demonstrates 
that during the exhumation of the WGR, the diffusive redistribution of Ar within micas in 
felsic lithologies was overwhelmed by Ar redistribution caused by recrystallization, 
deformation and fluids.
This study also demonstrates how the 40Ar/39Ar thermochronological technique can be 
applied to understand the physical processes that affect metamorphic terranes during 
exhumation. Lithologies that preserve different portions of the same PT path and record 
different amounts of recrystallization, deformation, migmatisation, and fluid interactions
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preserve different ages. These samples (in conjunction with diffusion modelling) allow the 
behaviour of Ar during exhumation-related retrograde metamorphism to be documented, 
assessed and quantified.
3.8 Conclusions
Geochemically-similar felsic gneisses from the Outer Nordfjord area of the UHP Western 
Gneiss Region, Norway preserve textural and petrological evidence of different stages of 
the exhumation from mantle- to mid-crustal-depths. Gneisses can be differentiated into two 
main groups: garnet-bearing gneisses that record decompression from eclogite-facies to 
upper amphibolite-facies (Group 1), and biotite-epidote gneisses that record the main 
amphibolite-facies overprint and associated deformation that is ubiquitous of the WGR 
(Group 2). These samples, and the snapshots into the different parts of the decompression 
path that they record, provide a unique opportunity for exploring how Ar is incorporated 
into, hosted by, and ultimately lost by different K-bearing minerals during metamorphism.
White mica and biotite separates analysed via single-grain fusion yield a spread in ages 
from 411 Ma to 383 Ma and 430 Ma to 360 Ma, respectively. UV laser ablation in-situ 
analyses of white mica reveal a similar (but older, 502-349 Ma) spread in ages within 
individual grains, and no clear core-rim patterns. In-situ analyses of biotite yield a similar, 
yet slightly older age spread than the single-grain fusion data (449-357 Ma).
Numerical modelling using DiffArg_inverse predicts that white mica and biotite from the 
WGR should reflect cooling post-amphibolite-facies conditions given the P-T-t history that 
is known from other HT chronometers (e.g. U-Pb zircon) and from P-T modelling. 
However, 40Ar/39Ar single grain fusion and in-situ age data from white mica and biotite 
yield highly heterogeneously distributed ages that vary between rocks of differing 
petrography yet are of similar geochemical composition.
The white mica and biotite 40Ar/39Ar dates cannot be explained in terms of simply cooling 
through a mineral-specific Tc as more than one of the inherent assumptions built in the 
Dodson (1973) Tc formulation are violated. Whist diffusion may have been in operation 
during the exhumation of the WGR (the temperatures experienced during the amphibolite- 
facies overprint were ~700°C), the physical processes that affected these gneisses during 
exhumation, including recrystallization, deformation, partial melting and the interaction of 
fluids, had a greater effect on Ar isotopic signature at all scales from grain to outcrop.
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Samples that show significant recrystallization and deformation yield younger white mica 
ages than more pristine sample, but older biotite ages. Recrystallization, acts to reduce the 
apparent age spread in the white mica and increase the age spread in biotite ages. 
Deformation results in an inverse effect, by increasing the spread in white mica ages and 
decreasing the age spread in biotite. Furthermore, migmatisation acts to make biotite ages 
younger in the amphibolite-facies gneisses whereas fluid infiltration acts to increase biotite 
ages. Both migmatisation and fluid influx act to increase the resulting spread in biotite 
ages. Recrystallization, migmatisation, and fluid ingress have the greatest influence on the 
redistribution of Ar within crustal gneisses, whereas the effect of deformation is within the 
uncertainty of the 40Ar/39Ar age data.
This study shows that the interpretation of 40Ar/39Ar data collected from HT metamorphic 
terranes needs to be carefully considered by analysing multiple Ar chronometers (i.e. white 
mica and biotite) from multiple samples that record different parts of the metamorphic 
cycle, as this dataset shows that not all ages may be directly linkable to cooling. Instead, 
these data show that recrystallization, deformation, partial melting, and fluid flux play an 
important role in redistributing Ar in the crustal gneisses during decompression, despite the 
high metamorphic temperatures. This dataset has profound implications for interpreting 
40Ar/39Ar ages from other HT and HP terranes. Data from different lithologies need to be 
considered on a case by case basis, in conjunction with detailed petrographic analysis, 
before 40Ar/39Ar mica ages can be interpreted.
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Chapter 4 
Symplectites: Tracking Ar though Metamorphic 
Reactions
Interlayered felsic gneiss and mafic eclogite at Drage
This chapter forms the paper:
McDonald, C. S., Warren, C. J., Regis, D., Kelley, S. P. & Sherlock, S. C. Symplectites: 
Tracking Ar though a Metamorphic Reaction. In prep for Geology.
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Abstract
Metamorphic micas that crystallised at high temperatures are commonly thought to lose 
40Ar via thermally-driven diffusion. We report 40Ar/39Ar ages from a high temperature- 
high pressure metamorphic rock from the Western Gneiss Region, Norway, which 
preserves different mineralogical stages formed during decompression (2.4 -1.0 GPa) at 
700°C. The effect of the breakdown of phengite to biotite-plagioclase symplectites on their 
40Ar/39Ar ages was analysed using in-situ laser ablation techniques with <30pm spatial 
resolution. Phengite yielded ages ranging from 492-389 Ma, overlapping the previously 
reported -405-400 Ma U-Pb zircon age interpreted as the timing of high pressure 
metamorphism at >2.6 GPa. Biotite and plagioclase in the symplectite yielded ages ranging 
from 389-380 Ma and 705-269 Ma, respectively, overlapping the previously reported U-Pb 
titanite ages that constrain the timing of the amphibolite-facies overprint at 1 GPa. Coarser, 
texturally later, biotite yielded a wider range of ages than the symplectite biotite (400-377 
Ma). A pressure-temperature-time framework constructed using pseudosections, provides 
the relative order of crystallization and aids in the interpretation of whether 40Ar/39Ar ages 
can be related to cooling ages, crystallisation ages or contamination due to the presence 
40Ar within a closed grain boundary network. These samples show that even when rocks 
experience T>700°C for several Ma, Ar may not readily diffuse in mica and Ar ages may 
not be interpretable as a cooling age. Our data show the importance of understanding the 
petrographic evolution in order to provide a basis for interpreting the behaviour of Ar, thus 
allowing the 40Ar/39Ar data to be linked more accurately to a metamorphic ‘stage’.
4.1 Introduction
40Ar/39Ar dating is commonly used to constrain the timing and rate of cooling in high 
temperature metamorphic terranes via the closure temperature (Tc) formulation (Dodson 
1973). This approach assumes that (1) the mineral in question (re)crystallised with an 
insignificant initial40Ar concentration; (2) thermally-activated volume diffusion, observing 
Fick’s 2nd law, redistributed Ar within the mineral after its production and, (3) the grain 
boundary network surrounding the mineral had a sufficiently low Ar concentration and 
high connectivity to act as an infinite reservoir (i.e. an ‘open’ grain boundary system) 
during the time at which temperatures were high enough for efficient diffusion.
Many studies have shown metamorphic 40Ar/39Ar muscovite, phengite (high pressure (HP) 
muscovite) and biotite ages that are ‘too old’ to be interpreted as representing the timing of 
cooling when assessed within a chronological framework defined by higher temperature
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(HT) chronometers such as U-Pb zircon e.g. (Baxter et al., 2002, Warren et al., 2012a). 
These studies have most commonly focussed on HP metamorphic terranes, where 
temperatures are commonly low (<600°C), the timescales of metamorphic cycles 
commonly short (<10 Ma), and fluid availability and permeability is low, thus limiting the 
efficiency of diffusion and efficiency of Ar removal from the grain boundary network. 
These limitations on diffusion have an impact on the Tc formulation, because if diffusion 
cannot operate then the application of the Tc to a metamorphic rock may be an invalid 
interpretation.
HP metamorphic rocks undergo a number of processes during exhumation, including 
recrystallization (cf Chapter 3). It has recently been suggested that recrystallization may 
play a far greater role than diffusion in mobilising Ar during metamorphism and 
deformation (Villa 1997, Allaz et al., 2011, Villa et al., 2014). Recrystallization operates 
on a much faster timescale than diffusion, thus the determination of when the target 
mineral grew in the metamorphic cycle provides a key relative chronological framework 
for Ar age interpretation. Therefore, in HP metamorphic terranes where the Tc formulation 
may not operate, what effect does recrystallization have on the Ar systematics.
The common occurrence of symplectites in terranes that have decompressed from 
pressures > 2.0 GPa at temperatures >650°C provides an opportunity to test the effects of 
recrystallization at high temperatures on element remobilisation. Of specific interest to 
40Ar/39Ar chronology is the breakdown of phengite to symplectites of biotite plus 
plagioclase. This reaction, and the symplectites it produces, provides an excellent 
opportunity to assess the transport distances, pathways, sources and sinks of 40Ar in a K- 
rich assemblage as HT minerals break down and recrystallize during exhumation.
4.2 Petrography, Mineral Chemistry and P-T Evolution
The Western Gneiss Region (WGR) in Norway is a 50,000km2 window into the lowest 
structural levels of the Scandinavian Caledonides (Hacker 2007). Eclogite-facies 
conditions reached 700-800°C and up to 3.6 GPa between 405-400 Ma (Root et al, 2004, 
Hacker et al., 2010). Exhumation of the WGR from UHP conditions to amphibolite-facies 
conditions within the lower crust was near-isothermal and was achieved by 399-379 Ma 
(U-Pb titanite; Spencer et al., (2013)).
Eclogite-facies metabasites are hosted by biotite-epidote amphibolite-facies gneisses. 
Garnet-bearing gneisses preserving relicts of HP metamorphic assemblages are locally 
preserved in strain shadows around mafic boudins and preserve evidence of the
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1 mm 1 mm
1 mm
Fig. 4.1. Photomicrographs of symplectic gneiss; A) HP assemblage of Ph-Grt-Qtz; B) 
biotite-plagioclase symplectites after Ph; C) idioblastic biotite growing from the 
biotite-plagioclase symplectite and D) photograph of the polished slab showing the 
locations of the in-situ analyses in Fig. 4.3.
mineralogical transition from phengite to biotite via symplectization (Wain et al., 2000). 
The preservation of the symplectites testifies to a lack of deformation during 
decompression (Hacker et al, 2010). This lack of deformation means that this sample 
records only the effects of recrystallization on the Ar systematics.
Our sample (NF42 from Krokkenakken; Fig. 4.1) contains a peak assemblage of Grt + Ph 
+ Qtz + Omp with an overprinting amphibolite-facies assemblage of Bt-Pl and Cpx-Amph- 
P1 symplectites after phengite and omphacite respectively, followed by a later generation 
of idioblastic Bt. Texturally, the idioblastic biotite represents continued biotite growth 
from the symplectites.
Major-element compositions of phengite, biotite and plagioclase were analysed on The 
Open University Cameca SX-100 electron microprobe using a defocussed 10pm beam, and 
conditions of 15 kV, 20 nA and 30 s collection time. Calibrations were performed on 
natural and synthetic standards and analyses were corrected using a ZAF matrix correction
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Table 4.1
Average EMP Data of Sample NF42
Mineral Phengite Idioblastic Biotite Symplectic Biotite Plagioclase
Position Core Rim Core Rim Core Rim Core Rim
Si02 49.70 49.80 39.30 37.70 38.00 37.60 54.30 65.80
Ti02 0.20 0.30 2.40 2.10 1.70 2.60 0.00 0.00
A120 3 27.30 28.10 15.70 17.60 17.10 16.70 28.90 21.60
Cr20 3 0.00 0.00 0.00 0.10 0.10 0.10 0.00 0.00
FeO 2.00 1.70 10.90 12.80 12.40 13.70 0.00 0.10
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 3.70 3.20 16.40 14.50 16.10 14.60 0.00 0.00
CaO 0.00 0.00 0.00 0.00 0.00 0.10 11.60 2.40
Na20 0.40 0.30 0.10 0.10 0.10 0.10 5.20 10.40
k2o 9.60 9.80 8.80 9.40 9.40 9.50 0.10 0.10
a 0.10 0.10 0.30 0.10 0.20 0.20 0.00 0.00
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 93.00 93.40 93.90 94.50 95.10 95.10 100.00 100.40
Si 6.80 6.70 5.80 5.60 5.60 5.60 2.50 2.90
Ti 0.00 0.00 0.30 0.20 0.20 0.30 0.00 0.00
A1 4.40 4.50 2.70 3.10 3.00 2.90 1.50 1.10
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.20 0.20 1.30 1.60 1.50 1.70 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.70 0.70 3.60 3.20 3.50 3.20 0.00 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.60 0.10
Na 0.10 0.10 0.00 0.00 0.00 0.00 0.50 0.90
K 1.70 1.70 1.70 1.80 1.80 1.80 0.00 0.00
a 0.00 0.00 0.10 0.00 0.10 0.10 0.00 0.00
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 13.90 13.90 15.60 15.60 15.70 15.70 5.00 5.00
Table 4.1. Representative core to rim electron microprobe analyses of phengite, biotite 
and plagioclase. Cations normalised at 22 O for phengite and biotite and 8 O for 
plagioclase feldspar.
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routine. Analyses were bracketed by analysis of secondary standards to check for major 
element reproducibility of 1%. Representative core-rim analyses of phengite, biotite and 
plagioclase are shown in Table 4.1.
Phengite Si values range from 6.8 apfu in the geographic core to 6.6 at the rim (per 22 O) 
with grain sizes that vary from 300 pm to 1100 pm (Fig. 4.1 A). Geochemical maps (Fig 
4.2A) show that the Si composition is homogeneous throughout the grains, with only 
minor decrease in Si content at the very rim of the grains, that are < 50pm in thickness.
In the symplectite (Fig. 4. IB), plagioclase is intergrown with biotite. Plagioclase has a 
core-rim composition ranging from An45 to Ann and a typical grain size of 80 pm to 140 
pm. Biotite grains within the symplectite form 40-200 pm laths that either form randomly 
orientated grains or pseudomorphs after the original phengite grain. These biotites are Mg- 
rich with Mg/(Mg+Fe) values of 0.65-0.70 and Ti contents ranging from 0.12-0.31 apfu. 
Geochemical maps of the symplectites are shown in Figs. 4.2B and 4.2C. The 
geochemistry maps show that the biotite within the symplectite is very homogeneous in 
composition and also that the biotite grains are coarsest at the edges of the original 
phengite grain and fine inwards. Plagioclase geochemical maps show that the grains are 
strongly zoned with high Ca-Al contents in the cores of the grains and low Ca-Al contents 
at the grain rims.
The idioblastic biotite grains (Fig. 4.1C) are Mg-rich with Mg/(Mg + Fe) values of 0.67- 
0.73 and Ti contents ranging from 0.21-0.32 apfu. Their diameter ranges from 300 pm to 
1200 pm. Geochemical maps show that these grains are relatively homogeneous in 
composition (Fig. 4.2D).
The petrological evolution of the symplectic gneiss was modelled in the MnNCKFMASTH 
system using Perple_X version 6_6_8 (Connolly 1990), to determine the relative timing of 
the symplectite-forming reaction compared to the growth of titanite and the initiation of 
cooling. The pseudosection was calculated using the internally consistent thermodynamic 
dataset (hpllver.dat) and the equation of state for H2O (Holland & Powell 1998, Holland 
& Powell 2011). Solid solution models include garnet (Holland & Powell 1998), 
omphacite (Holland & Powell 1996), plagioclase (Newton et al, 1980), K-feldspar 
(Thompson & Hovis 1979), phengite (Holland & Powell 1998), biotite (Tajcmanova et al., 
2009), chlorite (Holland et al., 1998) and amphibole (Dale et al., 2000). Pseudosections 
were employed to document (1) where in P-T space does phengite breakdown, (2) where in
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P-T space does symplectization occur and biotite growth begins, (3) where titanite grows 
and (4) where cooling starts.
Fig. 4.2A. Geochemical maps of the phengite. A) Si map showing a homogeneous 
grains and B) Mg map showing that the phengite is surrounded by biotite.
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Fig. 4.2B. Geochemical maps of a symplectite that still preserves the original phengite 
grain morphology. A) Si map -  orange: quartz, green: plagioclase and blue: biotite. B) 
a Mg map of the biotite that composes the symplectite showing homogeneous 
chemistry and a decrease in grain size from rim to core.
86
Chapter 4: Symplectites
Fig. 4.2C. Geochemical maps of more randomly orientated biotite-plagioclase 
symplectites. A) Ca map showing zoned plagioclase within the symplectite and 
B) Mg map of the biotite showing homogeneous grain compositions.
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Fig. 4.2D. Geochemical maps of the idioblastic biotite. A) Mg map showing 
homogeneous biotite (green) and B) Si map of the biotite.
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The pseudosection (Fig. 4.4), along with optical petrographic analysis, shows that phengite 
was the only K-bearing phase in the peak assemblage. Isothermal decompression from 2.4 
to 1.0 GPa at 700°C resulted in the breakdown of phengite and the formation of biotite and 
plagioclase symplectites and the loss of phengite by 1.1 GPa. Post-symplectite growth of 
biotite resulted in the formation of more idioblastic crystals and an increase in the modal 
proportion of biotite. Crucially, the pseudosection shows that the growth of the symplectite 
and the idioblastic biotite occurred prior to the reaction that formed titanite from rutile.
4.3 Diffusion Modelling Methods and Results
In order to determine the 40Ar/39Ar ‘cooling’ ages of phengite, biotite and plagioclase that 
would be expected for a purely diffusive, open system given the best-fit post-crystallisation 
P-T-t history, diffusion ages were modelled using DiffArg_inverse (modified from DiffArg 
after Wheeler (1996); Warren et al, (2012c)). Phengite and idioblastic biotite were 
modelled with a grain radius of 0.5 mm, and the symplectite biotite and plagioclase with a 
grain radius of 0.25 mm, closely matching the grain sizes in the sample. The models were 
based on a cooling history involving cooling from 700°C at linear cooling rates of 5, 10, 
25, 50, and 70°CMa‘1, with a zero-age grain boundary condition. Model results (Table 4.2) 
are reported as bulk (area-integrated) age differences between the timing of cooling 
initiation based on the maximum, weighted mean and minimum U-Pb titanite ages, and the 
modelled grain age.
The model results suggest that in an open, purely diffusive system, 0.5 mm radius phengite 
grain should yield ages that are 6 Ma younger than the time at which cooling started (tcooi) 
if cooling took place at 25°CMa'1. This age difference from the timing of cooling varies 
from 45-3 Ma depending on whether cooling was slow or rapid (5-70°CMa'1). 0.5 mm 
biotite grain should be 11 Ma younger than tcooi at 25°CMa’1 and this too varies from 72-4 
Ma depending on the rate of cooling. A 0.25 mm biotite grain should be 14 Ma younger 
and a 0.25 mm plagioclase grain should be 17 Ma younger, with variations in the age 
difference of 76-5 and 90-6 Ma, respectively, depending on the cooling rate (Table 4.2).
4.4 40Ar/39Ar Dating Methods and Results
Polished thick section slabs (-250 \im thick; Fig. 4. ID) were prepared, cleaned, packed, 
irradiated and analysed by laser ablation following previously reported methods (Warren et 
al, 2012a), and those detailed in Chapter 3. A typical laser spot size of 30 [xm was used to 
collect Ar isotope data from the phengite and idioblastic biotite, a smaller spot size of 15 
p,m was used to analyse biotite and plagioclase in the symplectite. No statistically
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Fig.4.3. Reflected-light 
photomicrographs of in-situ 
40Ar/39Ar analyses. A) 
phengite showing a 
heterogeneous age 
distribution, with patchy 
“old” ages; B l) and B2) in- 
situ analysis of the 
symplectites produced from 
the breakdown of phengite. 
B l shows analysis of 
symplectite that 
pseudomorphs the original 
phengite while B2, shows 
analysis from randomly 
orientated symplectite; C) 
40Ar/39Ar in-situ analysis of 
idioblastic biotite showing a 
more homogeneous age 
distribution.
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significant link between 36Ar/40Ar, 37Ar/39Ar or 38Ar/39Ar and age was found between 
grains of the same mineral or between different minerals.
41 spots on 5 grains of phengite yielded ages varying from 492 ± 6 Ma to 389 ± 5 Ma (Fig. 
4.3A; population weighted mean: 411 ± 7 Ma). Age distributions are patchy, with clusters 
of ‘older’ ages in regions that are neither associated with the geographical nor geochemical 
cores of the phengite (Fig. 4.2A).
7 spots on 7 different symplectite biotite grains yielded a range of ages from 389 ± 6 Ma to 
380 ± 3 Ma, with a mean age of 384 ± 6 Ma (ignoring the single 493 ± 6 Ma outlier; Figs 
4.3B1, 4.3B2). 12 spots on 12 different symplectite plagioclase grains yielded highly 
variable 40Ar/39Ar ages from 705 ± 115 to 269 ± 82 Ma.
26 spots on 6 grains of idioblastic biotite yielded a range of ages from 400 ± 6 Ma to 377 ± 
5 Ma (mean 390 ± 5 Ma). There was no systematic distribution of age within the grains 
(Fig. 4.3C).
4.5 Discussion
4.5.1 Petrographic Evolution
The pseudosection (Fig. 4.4) shows the evolution of the sample between 0.25-2.5 GPa and 
300-900°C and documents the stability of phengite and its subsequent breakdown to biotite 
+ plagioclase via symplectization. The pseudosection correlates with previous petrographic 
studies of gneisses of the WGR (Wain et al., 2000, Hacker et al., 2010).
Phengite crystallization occurred under eclogite-facies conditions of ~650°C, 2.4 GPa at 
405-400 Ma (Cuthbert et al., 2000, Root et al., 2004), followed by isothermal 
decompression to amphibolite-facies conditions of ~700°C at 1 GPa (Hacker et al., 2010). 
During this decompression, phengite began to break down at P < 1.9 GPa, to form the 
biotite-plagioclase symplectites. Phengite was Tost’ at -1.1 GPa, and replaced by biotite, 
which represents continued growth into the idioblastic biotite from symplectic biotite. 
Following the growth of the idioblastic biotite, continued cooling resulted in the formation 
of titanite from rutile.
The pseudosection shows that in this bulk rock composition, the breakdown of phengite 
and the growth of biotite-plagioclase symplectites occurred prior to the growth of titanite 
(the date of which constrains the timing of the amphibolite-facies recrystallization). In 
other
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Fig.4.4. P-T pseudosection constructed for the bulk composition of the sample 
of symplectic gneiss showing the P-T path for Krokkenakken, WGR with 
approximate positions of the symplectite-forming reaction and the titanite-in 
field (in wt. % S i0 2: 60.02, T i0 2: 1.12, A120 3: 16.86, FeO: 7.74, MnO: 0.10,
MgO: 4.90, CaO, 3.77, Na20 : 2.19, K20 : 2.32). The red arrows indicate the 
biotite-in and phengite-out reactions at ~700°C.
pseudosections that model the evolution of the WGR, the symplectite-forming reaction is 
synchronous with titanite growth (Spencer et al, 2013).
The disparity between the pseudosections o f Spencer et al., (2013) and this study may 
indicate that the U-Pb titanite ages may not represent the timing o f cooling initiation. The 
differences in pseudosection may be due to a number of causes including: (1) differences 
in the bulk rock composition o f the samples which would create different pseudosections, 
(2) sample NF42 records different P-T conditions to those o f Spencer et al., (2013). NF42 
documents decompression from eclogite-facies conditions to amphibolite-facies conditions
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while the gneisses of Spencer et al., (2013) record amphibolite-facies only and (3) the 
pseudosection of Spencer et al., (2013) is a compilation of 9 samples and only documents 
the Ti-bearing phases. The pseudosection also does not show the Ti phases relative to other 
phases and reactions in the bulk rock. For the purposes of comparison between the U-Pb 
titanite ages, 40Ar/39Ar phengite and biotite ages, and the P-T evolution, confidence can be 
placed in the pseudosection of Fig. 4.4 as it is specific to sample NF42 and documents the 
metamorphic reactions that occurred in the sample during its decompression history.
4.5.2 Modelled vs. Observed Age Ranges
The diffusion modelling predicts that the phengite, idioblastic biotite, symplectite biotite 
and symplectite plagioclase grains should yield ages that are 8± 2 ,  13 ± 2, 1 4 ± 2  and 17 ± 
2 Ma younger than the timing of initiation of cooling in the WGR respectively, if cooling 
took place at 25°CMa"1 (uncertainties include the uncertainties in the observed grain radii 
but not uncertainty in the estimated cooling rate).
The model results are variably sensitive to a number of uncertainties, many of which have 
previously been discussed in detail (Warren et al., 2012a). In summary, systematic errors 
derived from uncertainties in the activation energy (Ea) and the diffusion coefficient (D) 
lead to an uncertainty of ± 4 Ma on the resulting model age. A 50°C variation in the 
starting temperature (650-750°C) yields a ± 2 Ma uncertainty. Variations in the cooling 
rate, as discussed above, from 5-70°CMa"1 can result in a very large uncertainty in the 
model bulk age. These are ‘regional’ uncertainties, affecting the sample as a whole. 
Conversely, variations in diffusion radius would have the effect of varying the yielded age 
of each grain, thus increasing the range of ages yielded from each sample. Uncertainty in 
the diffusion radius between 1 mm to 0.25 mm yields a ± 2 Ma uncertainty on the final 
age.
Dependent upon the bulk rock composition, titanite crystallisation either occurs post- 
symplectization (as documented in this study), or is contemporaneous with symplectite 
growth (Spencer et al, 2013). U-Pb titanite ages for the Nordfjord area of the WGR range 
from 399-379 Ma, with a weighted mean of 393 ± 5 Ma (Spencer et al., 2013). Since the 
diffusion modelling results are relative to the U-Pb titanite age, the 20 Ma spread in the 
titanite U-Pb data results in an equal spread in the model ages. Cooling may have begun 
prior to 393 Ma but the ± 5 uncertainty on the U-Pb and the ± 6 Ma uncertainty on the 
40Ar/39Ar phengite and biotite data means that any variation on the timing of amphibolite-
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facies crystallization is lost within the uncertainties of the data. Given these uncertainties in 
the U-Pb age data, diffusion modelling, and those within the pseudosection calculations, 
for the purposes of comparison the weighted mean age of the titanite (393 Ma) is taken to 
represent the timing of cooling initiation.
Measured age ranges for phengite, symplectite biotite, symplectite plagioclase and 
idioblastic biotite are 492-389 Ma, 389-380 Ma, 705-269 Ma and 400-377 Ma, 
respectively. These age ranges are much greater than the age range predicted by simple 
diffusion models, which predicts a single bulk age for each mineral.
Regardless of whether the weighted mean or the youngest 40Ar/39Ar age for the phengite is 
used, the phengite yield generally older ages than those predicted by diffusion models. If 
the weighted mean age for the titanite is taken as the most reliable constraint on the timing 
of initiation of cooling, then all 40Ar/39Ar phengite ages should be younger than this if the 
ages are to interpreted in terms of a cooling age. The 40Ar/39Ar ages from the phengite are 
for the most part older than this reference titanite age indicating that the grains display 
little diffusive resetting despite the high temperatures (700°C). This implies that the 
phengite 40Ar/39Ar ages may not be linked to thermally-activated volume diffusion and are 
interpreted as being the result of contamination, which will be discussed in Section 4.6.1.
Biotite grains yield a smaller range of ages than phengite, and are consistently younger. 
There is no consistent difference in age between the smaller, earlier-crystallised biotite in 
the symplectite and the larger, later idioblastic grains, although the idioblastic grains yield 
a wider range of ages around a similar weighted mean. A comparison between the 
modelling results and the weighted mean ages of the symplectite and idioblastic biotite, 
taking into account the different grain sizes of these biotites, shows that cooling in the 
WGR took place at a rate of -35 °CMa'1 for the symplectite biotite and a rate of 
>70°CMa"1 for the idioblastic biotite. This disparity between the possible cooling rates 
recorded by the two forms of biotite implies that diffusion may not have been operation in 
the one or both types of biotite, since one rock cannot experience multiple cooling rates at 
the same time. These results suggest that biotite also did not lose Ar via diffusion 
efficiently, or, that the loss of Ar was partially counteracted by variable influxes of excess 
Ar even at 700°C. The yielded ages are always older than expected from the diffusion 
modelling. However, this interpretation is dependent on a correct understanding of the 
variables that go into the Tc formulation (cf. Chapter 2).
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The ages yielded by the plagioclase grains also span a considerable range. The plagioclase 
has low K concentrations, and consequently some of the variability may be due to low 
measured Ar concentrations. It is therefore plausible to consider that these plagioclase 
40Ar/39Ar ages represent either contamination or indicate the presence of fluid inclusions 
within the plagioclase crystal lattice.
Despite the uncertainty in the timing of initiation of cooling of the WGR, there is clearly a 
disparity between both the observed 40Ar/39Ar ages (and age ranges) and the modelled ages 
derived from DiffArg_inverse. Overall these data suggests that a pure diffusion model for 
Ar distribution is inadequate for the interpretation of the phengite dataset and yields mixed 
results for the biotite datasets.
4.6 Implications
4.6.1 Phengite
Information from the pseudosection in Fig. 4.4 and petrographic textures (Fig. 4.2A) 
suggest that phengite grew at peak metamorphic conditions of 2.4 GPa and c. 650°C. The 
timing of peak metamorphism has been constrained by U-Pb zircon at c. 405-400 Ma 
(Root et al., 2004). Therefore, if these 40Ar/39Ar phengite ages are to be interpreted as 
crystallisation ages, they should fall within and around this 405-400 Ma timeframe (Fig. 
4.5).
The observed phengite 40Ar/39Ar ages span a range of 490-389 Ma, far greater than the 
spread expected for crystallisation ages (Fig. 4.5). The age spread implies that the phengite 
has undergone some diffusional loss, to make the 40Ar/39Ar younger than the age of 
crystallisation, but not enough to allow the ages to be linked to a cooling age given the 
existing diffusion parameters. The age spread also indicates that the phengite may have 
been affected by contamination from Ar, producing ages that are greater than the expected 
crystallisation ages. This contamination may have occurred during decompression, with Ar 
becoming incorporated into the phengite from either the grain boundary fluid or maybe 
adjacent grains, or incorporated into the phengite crystal lattice during crystallisation, but it 
is difficult to unravel when the contamination occurred from these data.
The ‘old’ ages within the phengite are concentrated in patches that are not associated with 
the geographic cores of the grains. Geochemical maps (Fig. 4.2A) show that the phengite is 
homogeneous and do not indicate the presence of relict phengite cores within the grains.
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This information indicates that the contaminating Ar is possibly held within 
micro structural defects within the phengite.
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Fig. 4.5. A graphical representation of the in-situ 40Ar/39Ar ages of phengite, 
biotite (symp: symplectite, Id: idioblastic) and plagioclase in conjunction with the 
U-Pb zircon (Zrn) ages for the timing of peak metamorphism in the WGR and the 
U-Pb titanite ages for the timing of recrystallization under amphibolite-facies 
conditions according to Root et al, (2004) and Spencer et al, (2013). The data in 
red indicate the weighted mean age (plus error) for the titanite, phengite and 
biotite ages, showing that on average the phengite data are older than the U-Pb 
titanite while the biotite are younger. Also that as biotite grows from symplectite 
to idioblastic forms, the age heterogeneity increases within the biotite datasets.
4.6.2 Biotite
The pseudosection in Fig. 4.4 suggests the biotite formed initially via the symplectization 
of phengite during the decompression path from 1.9 GPa. In the bulk composition o f this 
sample, the formation and growth o f biotite from the phengite occurred prior to the 
formation o f titanite. Therefore, if  the biotite 40Ar/39Ar ages are to be interpreted in terms
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of crystallisation ages, biotite ages should fall between the youngest U-Pb zircon ages for 
the timing peak metamorphism (i.e. 400 Ma) and the weighted mean titanite age (393 Ma).
The biotite from the symplectite yields an age from 389-380 Ma, which is younger than the 
proposed range expected for biotite crystallisation. The idioblastic biotites range in age 
from 400-377 Ma; these ages are equal to, and younger than, the age range expected for 
crystallisation ages given the timeframe above.
The symplectite biotite is texturally older than idioblastic biotite, since the symplectite 
grows first along the decompression path. If interpreted as crystallisation ages, the 
symplectite biotite should be older than the idioblastic biotite. However, the symplectite 
biotite is equivalent in age (and with less spread) to the 40Ar/39Ar ages of the idioblastic 
biotite. Also, the 40Ar/39Ar ages for the symplectite are younger than the weighted mean 
titanite age of 393 Ma.
The data raises the possibility that the 40Ar/39Ar age from the symplectite biotite reflect a 
cooling age. If so, according to the model data in Table 4.2, the symplectite biotite age 
range of 389-380 Ma yield cooling rates that vary from 70-27°CMa"1. If the weighted mean 
of the symplectite biotite is used as representing closure through the biotite Tc, then a mean 
cooling rate of 35°CMa"1 can be assigned to the biotite. This result, however, could simply 
be coincidence.
The cooling rate from the symplectite biotite falls within the 30-60°CMa'1 estimates from 
previous studies (Kylander-Clark et al., 2008, Root et al., 2005, Walsh et al., 2013). These 
studies estimated the cooling rates from phengite and not biotite, yet data from this study 
suggests that phengite does not yield ages interpretable in terms of a cooling age. This 
implies that the correlation in cooling rates between this study and published data may be 
purely coincidence.
The idioblastic biotite, despite being texturally younger than the symplectite biotite, is 
equal to, and older in age than the symplectite biotite. This means that despite the ages of 
the symplectite biotite being able to infer a potential cooling rate, this later biotite has, like 
the phengite, been affected by Ar contamination. This contamination mostly likely 
occurred during the growth of the idioblastic biotite during post-symplectite growth.
4.6.3 Plagioclase
Evidence for the presence of Ar that has contaminated the biotite comes from the 
plagioclase that co-crystallised with the biotite during symplectization. The low K content
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of the plagioclase allows for the discrimination of this contaminating Ar from that which is 
produced via the in-situ decay of K as the low K content would yield low levels of in-situ 
produced Ar. As the plagioclase forms from the breakdown of phengite, some of the Ar 
that is released during this reaction is incorporated into the plagioclase.
Whether Ar is incorporated into the plagioclase during the breakdown of the phengite is 
controlled by the solubility of Ar between the mineral (plagioclase) and the grain boundary 
network. Ar, being a geochemically inert element is commonly assumed to partition into 
the grain boundary rather than into a mineral solid. Although it is difficult in nature to 
measure the solubility of Ar, experimental work has shown that the solubility of Ar in a 
solid to range from 0.01 -  0.0001 ppm bar’1 (Kelley, 2002 and reference therein). These 
low values indicate this assumption to be correct. Studies have also demonstrated that Ar 
displays this preferential partitioning even in anhydrous systems (Baxter et al., 2007).
Processes that may drive the partition of Ar from the mineral to grain boundary may 
include:
1) The temperature, since chemical reactions occur faster at high temperature than at 
lower temperatures and,
2) The concentration of Ar present in the grain boundary network. Lower 
concentrations of Ar in grain boundary network would mean that more Ar can be 
incorporated into the grain boundaries.
In cooling metamorphic systems, it has been shown that solubility decreases and partition 
coefficients increase as temperatures decrease, likely through exhumation. A common 
observation of this behaviour in nature is the late influxes of argon into mineral grain 
boundaries (McDougall & Harrison 1999; Pickles et al, 1997, Kelley, 2002). Conversely, 
if temperatures are high enough, and the concentration of Ar in the grain boundary 
sufficient, Ar will partition into the solid mineral phase due to dynamic equilibration 
(Kelley, 2002).
The incorporation of Ar into the plagioclase implies that the grain boundary network, at 
least in the local-scale, had a highly variable concentration of Ar, and that the elevated 
temperatures experienced by the rock (~700°C), led to partial uptake of Ar by the 
plagioclase and idioblastic biotite where mineral-grain boundary partition coefficients were 
high enough to allow Ar to become incorporated into the minerals. This uptake of Ar led to 
the increase in the spread of the 40Ar/39Ar biotite ages between the symplectite and 
idioblastic datasets.
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4.7 Conclusions
The texturally-preserved evidence for the reactions between different K-bearing minerals 
within the same sample can offer insights into how Ar is recycled during HT 
metamorphism. In the WGR, gneisses that experienced eclogite facies (2.4 GPa) conditions 
at c. 405-400 Ma followed by isothermal decompression to c. 1.0 GPa, record 
mineralogical evidence for all these stages. In-situ laser ablation 40Ar/39Ar data from 
phengite and the biotite-plagioclase symplectites that replace it yield wide age ranges in all 
K-bearing minerals that help to constrain how Ar behaves during the recrystallization 
reactions that occur during retrogression.
Phengite that grew at 700°C and 2.4 GPa and subsequently partially broke down during 
decompression yields ages ranging from 486-385 Ma. Heterogeneous distributions of 
40Ar/39Ar ages within and between grains suggest little diffusive resetting despite the high 
temperatures experienced after crystallisation, and that contamination may have occurred 
during crystallisation or decompression.
Symplectites that grew from phengite during decompression between 1.9-1.1 GPa 
document how Ar is (re)distributed during the breakdown of phengite. 40Ar/39Ar ages from 
symplectite biotite grains indicate that they did not incorporate much Ar during their 
growth and may be useful in determining cooling rates. Ages yielded by the plagioclase 
that co-crystallized with the symplectite biotite reflect contamination and incorporation of 
Ar that is not related to its K content. These data also point towards plagioclase acting as a 
sink for the Ar released by phengite during breakdown. 40Ar/39Ar ages of idioblastic biotite 
that grew at <1.1 GPa and ~700°C show that as biotite continues to grow from symplectite 
to idioblastic forms, contamination by Ar released during the breakdown of phengite was 
still prevalent.
None of the measured ages can be reconciled with models of simple thermally-activated 
diffusion during cooling in an open system. Instead the ages of the phengite reflect 
contamination (that may have occurred during either crystallisation or along the 
decompression path) and the partial diffusional loss of Ar. However, this loss was 
insufficient to produce cooling ages. The ages of plagioclase and idioblastic biotite reflect 
continued contamination by Ar released during the breakdown of phengite, within a locally 
closed grain boundary network. The symplectite biotite from this sample is the best 
candidates for interpreting the 40Ar/39Ar ages in terms of cooling.
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Overall, these data demonstrate that even at HT metamorphic conditions, Ar may not 
readily diffuse in micas. These datasets show that the interpretation of 40Ar/39Ar data may 
vary from sample to sample and mineral to mineral, even in the same terrain. The 
petrographic evolution of each rock should be carefully documented in order to provide a 
framework in which to interpret the 40Ar/39Ar data. Furthermore, the analysis of multiple 
minerals aids the determination of how Ar has behaved during metamorphic 
recrystallization. Overall this approach allows 40Ar/39Ar ages to be more precisely linked 
to metamorphic stage.
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Chapter 5 
40Ar/39Ar Dating of Minor Lithologies of the WGR: 
Eclogites, Amphibolites, and Granulites
Orthopyroxene-bearing eclogite at Grytting
This chapter forms the paper:
McDonald, C. S., Warren, C. J., Mark, D. F., Regis, D., Halton, A. M., Kelley. S. P. & 
Sherlock, S. C. Systematic of the 40Ar/39Ar system in Eclogites and Granulites from the 
Western Gneiss Region, Norway. In prep for Lithos.
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5.1 Introduction
The eclogite-facies metabasites are one of the most striking lithologies of the Western 
Gneiss Region (WGR) of western Norway. They occur as decimetre- to kilometre-scale 
boudins hosted within amphibolite-facies granodioritic gneiss. In the Outer Nordfjord area, 
eclogites range from quartz-stable (high pressure -  HP) in the southeast to coesite-stable 
(ultrahigh-pressure -  UHP) in the northwest and their formation has been linked to the 
subduction of Baltica beneath Laurentia during the Caledonian Orogeny. During the 
decompression and exhumation of the WGR, many of these eclogite-facies metabasic 
lithologies underwent varying degrees of retrogression and hydration, to form 
amphibolites, with only the largest (> lm  in diameter) bodies, preserving the eclogite- 
facies parageneses in their cores.
Subordinate to the eclogites are granulite-facies felsic lithologies. The protolith of the 
granulites was formed during the Gothian Orogeny c. 1750-1500 Ma and metamorphosed 
to granulite-facies during the Sveconorwegian Orogeny c. 1250-900 Ma (Gaal & 
Gorbatschev 1987). These granulites were subsequently involved in the Caledonian 
Orogeny, being subducted and exhumed during the collision of Baltica with Laurentia, yet 
preserve many of their original granulite-facies parageneses and textures. In the Outer 
Nordfjord area, two granulite bodies are preserved (the Flatraket and Ulvesund granulites) 
in low strain enclaves.
Approximately 1.8% of the WGR comprises metabasic lithologies of which half still 
preserve an eclogite-facies assemblage, and 1% of the WGR is composed of the granulite- 
facies relicts (Peterman et al., 2009). Despite comprising < 3% of the total volume of 
material within the WGR, these lithologies are still important in understanding the 
evolution of the WGR and it is important to understand how these lithologies behaved 
during exhumation in terms of their Ar systematics.
The Flatraket Granulite is located within the HP-UHP transition zone (Wain et al., 2001) 
(Fig. 5.1) and is a c. 2 km2 enclave that is hosted within amphibolite-facies gneisses. 
Structurally above and below the Flatraket granulite are UHP eclogites indicating that the 
granulite body experienced UHP conditions during the Caledonian orogeny (Wain et al., 
2001). The margins are cross-cut by veins with an eclogite-facies paragenesis mineral 
assemblage (Fig. 5.3B), indicating that fluids infiltrated the granulite during UHP eclogite- 
facies metamorphism (Wain et al, 2001). The interior of the body comprises unstrained 
quartz monzonite, with large (up to 10 cm) K-feldspar augen that are variably deformed. It
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Fig.5.1. Simplified geological map of the Flatraket granulite (modified after Wain et 
al., (2001). A) Location of the Outer Nordfjord study area in western Norway. B) 
Simplified map of the Outer Nordfjord area showing the locations of the Flatraket (F) 
and the Ulvesund (U) granulites. Also shown are the locations of the Krokkenakken 
eclogite (NF37) and the Drage eclogite (NF100). C) Close up map of the Flatraket 
granulite showing the location of the quarry (red circle) where the granulite samples 
were collected and the location of the Flatraket eclogite (NF45) and associated 
amphibolites (NF46 and NF49).
is also cross-cut by fine-grained dolerite dykes and sets of thin (<10cm wide) coaxial shear 
zones (Wain et al., 2000, Wain et al, 2001). P-T conditions for the undeformed Flatraket 
granulite have been calculated to be 0.9-1.1 GPa and 700-800°C (Wain et al., 2001).
Many 40Ar/39Ar age studies of white micas from mafic eclogites in exhumed metamorphic 
HP and UHP terranes have demonstrated that mica 40Ar/39Ar ages are usually elevated in 
comparison with other chronometers (Li et al., 1999, Sherlock et al., 1999, Giorgis et al.,
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2000, Warren et al., 2011, Warren et al., 2012a). These other chronometers include U-Pb 
zircon ages that document the timing of eclogite formation at peak metamorphic conditions 
and Rb-Sr mica ages that have been interpreted to represent the timing of mica 
crystallisation (Ruffet et al, 1997, Sherlock et al., 1999, Root et al., 2005, Di Vincenzo 
2006). This elevation of mica 40Ar/39Ar ages relative to independent chronometers has 
been interpreted to be the result of limited fluid transport within the eclogite, which results 
in the inefficient removal from the eclogites of Ar that has diffused from K-bearing 
minerals to the grain boundary network (Ruffet et al., 1995).
To investigate the behaviour of Ar in mafic eclogites and felsic granulite during the 
exhumation of the WGR, three samples of eclogite and two samples of amphibolite were 
collected to understand, (1) how Ar behaved in the eclogites during the exhumation of the 
WGR and (2) how the transformation of eclogite to amphibolite affected the Ar 
systematics. Furthermore, undeformed and sheared samples from the Flatraket granulite 
were collected to understand (1) whether the Ar systematics within the granulite, which did 
not react under eclogite-facies conditions, were perturbed by the Caledonian Orogeny and
(2) when the shear zones that cross-cut the granulite were active.
5.2 Previous Chronology of WGR Eclogites and the Flatraket Granulite
Sm-Nd and Lu-Hf garnet ages from eclogites suggest that prograde metamorphism 
occurred from 419.5 ± 4.3 Ma (Kylander-Clark et al., 2007) to 403.9 ± 0.8 Ma (Peterman 
et al, 2009) while U-Pb zircon ages in mafic eclogite bodies suggest that peak eclogite- 
facies metamorphic conditions were achieved from c. 405-400 Ma (Root et al, 2004).
Recent U-Pb zircon and monazite analysis of the Flatraket granulite yielded an upper 
intercept age of c. 1670-1640 Ma and a lower intercept age of c. 1100-1000 Ma (Corfu et 
al, 2013). These ages were interpreted as representing the timing of magmatic 
emplacement of the original protolith to the granulite during the Palaeoproterozoic, and the 
timing of granulite-facies metamorphism, respectively.
40Ar/39Ar analysis of mafic eclogites in the Outer Nordfjord area of the WGR is thus far 
restricted to two studies. White mica from the Verpeneset eclogite yielded a step heating 
plateau age of 401.3 Ma (Root et al, 2005). A single grain fusion and UV laser ablation 
study of multiple white micas from several eclogites (including the aforementioned 
Verpeneset eclogite) found that 40Ar/39Ar white mica ages in mafic eclogites were highly 
variable, ranging from 756 ± 2 Ma to 398 ± 2 Ma (Warren et al, 2012). To date, there has 
been no 40Ar/39Ar study on the Flatraket Granulite.
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5.3 Petrography, Mineral Chemistry and P-T Evolution
Major-element compositions of white mica, biotites, and amphibole from the eclogites and 
granulite were analysed using the Open University Cameca SX-100 5 wavelength- 
dispersive spectrometer electron microprobe using the methods outlined in Chapter 3. The 
representative core-rim compositions of the white mica, biotite, and amphibole are 
presented in Table 5.1-5.3. A full petrographic description of each sample is provided in 
Appendix A; the lithologies are briefly described below.
5.3.1 Eclogite
One sample of metabasic eclogite each was selected from Krokkenakken, Flatraket 
Harbour, and Drage (NF37, NF45, and NF100, respectively).
NF37 is a granoblastic eclogite from Krokkenakken containing an eclogite-facies 
assemblage of garnet, omphacite quartz, white mica, clinozoisite and rutile (Figs. 5.2A and 
5.4A). This peak assemblage has been partially overprinted by symplectites of 
clinopyroxene-plagioclase around omphacite; biotite-plagioclase symplectites around 
phengite, and blue-green amphibole at the contact between garnet and omphacite. Phengite 
grains are 1-2 mm in length and have Si core-rim concentrations of 6.9-6.6 per 22 O per 
formula unit (pfu).
Garnets are anhedral to subhedral in shape and commonly contain concentric inclusions of 
quartz, white mica and omphacite. The garnets are almandine-pyrope in composition with 
a composition that range from Alm41.51Spso-1Py28-37Grs17.21. Omphacite shows only minor 
retrogression to symplectite along the grain boundaries and have a composition of Jd3o-39-
Minor amphibole occurs at gamet-omphacite grain boundaries. This amphibole is 
magnesiokatophorite-magnesiotaramite, with minor barroisite. The amphibole has a Si 
content that ranges from 5.9-7.0 and Mg# of 0.61-0.80. Epidote forms a minor component 
of this sample, occurring as isolated grains within the matrix and as inclusions in garnet 
and omphacite. The composition of the epidote ranges from XEp 0.23-0.47.
NF45, from Flatraket Harbour, is a coarse-grained granoblastic eclogite and contains a 
peak assemblage of garnet, omphacite, white mica, kyanite and rutile (Figs. 5.2B and 
5.4B). Polycrystalline quartz (PCQ) inclusions in omphacite and garnet are interpreted to 
represent the former presence of coesite, the HP polymorph of quartz. This peak eclogite- 
facies assemblage is partially replaced by symplectites of clinopyroxene-plagioclase 
around omphacite, biotite-plagioclase around phengite and blue-green amphibole at
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Table 5.1
Core-rim chemical composition of the white mica analysed in each sample
Lithology Eclogite
Sample NF37 NF45 NF100
Position Core Rim Core Rim Core Rim
F 0.04 0.00 0.04 0.06 0.18 0.15
a 0.00 0.00 0.01 0.01 0.01 0.02
Na20 0.52 0.40 0.56 0.58 0.28 0.35
k2o 10.59 10.63 10.64 10.56 10.85 10.66
MgO 4.13 3.80 3.82 4.02 3.87 3.85
CaO 0.00 0.02 0.02 0.03 0.03 0.01
MnO 0.01 0.02 0.00 0.01 0.01 0.00
FeO 1.53 1.76 1.32 1.43 0.94 1.15
A120 3 25.67 26.23 28.12 27.88 27.24 27.84
Cr20 3 0.07 0.18 0.09 0.09 0.08 0.05
Si02 51.78 49.62 50.48 50.39 51.03 50.71
Ti02 0.28 0.42 0.42 0.46 0.62 0.58
Total 94.64 93.09 95.51 95.52 95.13 95.37
F 0.02 0.00 0.02 0.03 0.07 0.07
a 0.00 0.00 0.00 0.00 0.00 0.01
Na 0.14 0.10 0.14 0.15 0.07 0.09
K 1.81 1.85 1.80 1.79 1.85 1.81
Mg 0.83 0.78 0.76 0.80 0.77 0.76
Ca 0.00 0.00 0.00 0.00 0.01 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.17 0.20 0.15 0.16 0.10 0.13
A1 4.05 4.23 4.40 4.37 4.29 4.37
Cr 0.01 0.02 0.01 0.01 0.01 0.01
Si 6.94 6.79 6.71 6.70 6.81 6.75
Ti 0.03 0.04 0.04 0.05 0.06 0.06
Total 14.00 14.03 14.04 14.06 14.05 14.05
Table 5.1: Representative geochemical core-rim analyses of white mica
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Table 5.2
Core-rim chemical composition of the biotite analysed in each sample
Lithology Granulite Amphibolite
Sample NF44A NF44F NF46 NF49
Position Core Rim Core Rim Core Rim Core Rim
F 0.37 0.31 0.35 0.47 0.03 0.02 0.04 0.10
a 0.18 0.16 0.12 0.10 0.05 0.05 0.06 0.04
Na20 0.07 0.06 0.06 0.06 0.34 0.27 0.12 0.14
k2o 9.60 9.69 9.75 9.70 9.14 9.26 9.20 9.20
MgO 8.69 8.63 9.60 9.55 14.27 14.29 12.25 12.38
CaO 0.03 0.02 0.01 0.02 0.06 0.07 0.00 0.02
MnO 0.31 0.34 0.30 0.31 0.10 0.10 0.20 0.19
FeO 21.37 21.27 20.09 20.05 16.34 16.40 17.80 17.30
AI2O3 16.31 16.32 16.04 16.09 17.25 17.35 16.96 16.97
G 2O3 0.02 0.00 0.01 0.01 0.04 0.05 0.03 0.04
Si02 36.10 35.95 36.60 36.48 36.24 36.24 36.67 37.09
Ti02 3.02 2.89 2.89 2.65 2.12 1.90 2.37 2.24
Total 96.07 95.64 95.83 95.51 95.98 95.98 95.77 95.73
F 0.18 0.15 0.17 0.23 0.01 0.01 0.02 0.05
a 0.04 0.04 0.03 0.03 0.01 0.01 0.02 0.01
Na 0.02 0.02 0.02 0.02 0.10 0.08 0.03 0.04
K 1.90 1.92 1.91 1.91 1.72 1.74 1.77 1.76
Mg 2.00 2.00 2.21 2.21 3.14 3.14 2.75 2.77
Ca 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01
Mn 0.04 0.04 0.04 0.04 0.01 0.01 0.03 0.02
Fe 2.77 2.76 2.59 2.60 2.02 2.02 2.24 2.17
A1 2.98 2.99 2.91 2.94 3.00 3.02 3.01 3.00
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Si 5.59 5.58 5.63 5.65 5.35 5.35 5.52 5.57
Ti 0.35 0.34 0.34 0.31 0.24 0.21 0.27 0.25
Total 15.87 15.85 15.85 15.93 15.60 15.61 15.66 15.66
Table 5.2: Representative geochemical core-rim analyses of biotite
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Table 5.3
Core-rim chemical composition of the amphibole analysed in each sample
Iithology Eclogite Amphibolite
Sample NF37 NF45 NF46 NF49
Position Core Rim Core Rim Core Rim Core Rim
F 0.00 0.00 0.09 0.00 0.03 0.04 0.00 0.00
a 0.00 0.00 0.00 0.00 0.05 0.03 0.04 0.06
Na20 3.94 3.91 4.40 4.48 1.57 1.94 1.36 1.30
k2o 0.45 0.49 0.06 0.06 0.69 0.70 1.00 0.66
MgO 13.37 12.92 10.20 10.21 10.47 11.02 9.39 9.30
CaO 9.03 9.05 9.22 9.09 11.69 11.30 10.57 11.00
MnO 0.10 0.09 0.20 0.21 0.18 0.29 0.44 0.44
FeO 10.46 10.55 12.19 12.48 14.52 14.62 16.58 16.80
AI2O3 14.11 14.31 21.06 21.13 15.23 14.02 14.74 14.64
Cr20 3 0.02 0.11 0.04 0.06 0.04 0.03 0.04 0.02
Si02 44.44 44.68 38.76 38.94 41.10 41.90 41.74 41.40
Ti02 0.33 0.34 0.03 0.01 0.29 0.41 0.41 0.58
Total 96.25 96.45 96.25 96.66 95.92 96.32 96.30 96.25
F 0.00 0.00 0.04 0.00 0.01 0.02 0.00 0.00
a 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.02
Na 1.12 1.11 1.27 1.29 0.46 0.56 0.40 0.39
K 0.09 0.09 0.01 0.01 0.13 0.14 0.20 0.13
Mg 2.92 2.82 2.27 2.25 2.36 2.48 2.12 2.11
Ca 1.42 1.42 1.47 1.44 1.90 1.83 1.72 1.79
Mn 0.01 0.01 0.02 0.02 0.02 0.03 0.06 0.06
Fe 1.28 1.29 1.52 1.55 1.84 1.85 2.10 2.13
A1 2.44 2.47 3.70 3.69 2.72 2.49 2.63 2.62
Cr 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00
Si 6.51 6.53 5.77 5.77 6.22 6.32 6.33 6.29
Ti 0.03 0.04 0.01 0.00 0.03 0.05 0.05 0.07
Total 15.83 15.79 16.08 16.03 15.72 15.78 15.62 15.61
Table 5.3: Representative geochemical core-rim analyses of amphibole
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Fig.5.2. Field photographs of the eclogites and amphibolites analysed in this study. A) 
The Krokkenakken eclogite, showing its massive nature with bands of garnet-rich 
layers. B) The Flatraket Harbour eclogite with anhedral garnet, symplectised 
omphacite and blue kyanite. C) The Drage eclogite consisting of red garnet, green 
omphacite and blue kyanite. D) The amphibolitised margin of the Flatraket eclogite, 
showing the transition from fresh eclogite on the left of the image to amphibolite on 
the right. E) The NF49 garnet amphibolite.
contacts between garnet and omphacite. The phengite from this locality display chemical 
zonation with Si concentrations that range from 6.8 pfu at the core to 6.5 pfu at the rims.
Garnets are large (-20  mm) and are anhedral with a ‘spongy’ texture. They are typically 
zoned from more pyrope-rich cores to rim to more almandine-rich rims. The composition 
ranges from A l m 3 4 . 4 5 S p S 0 - 2 P y 3 0 - 4 9 G r s 1 4 .2 2 .  Omphacite show varying degrees of 
symplectization along the grain boundaries and has a composition that ranges from .M34-42. 
The blue-green amphibole that occurs at the gamet-omphacite contact is 
magnesiokatophorite-magnesiotaramite with a composition that ranges from 5.8-7 .6 Si per 
23 0  and Mg# of 0.59-0.86.
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NF100 from Drage is a medium-grained, granoblastic eclogite with a peak metamorphic 
assemblage of garnet, omphacite, white mica, kyanite and rutile (Figs. 5.2C and 5.4C). 
PCQ inclusions are present in garnet and are inferred to represent the former presence of 
coesite. The eclogite shows minor symplectization with clinopyroxene/amphibole- 
plagioclase symplectites after omphacite and biotite-plagioclase symplectites after 
phengite.
The white mica grains are commonly rimmed with very fine-grained biotite-plagioclase 
symplectites and have typical core to rim compositions of 6.9-6.5 Si per 22 O. Garnets are 
subhedral to anhedral and range in size from 0.5-1.5 mm. They are pyrope-almandine 
(Alni33_36Spso-iPy36-4iGrs22-28) with moderate grossular content. Omphacite forms anhedral 
grains within the matrix and has a composition of Jd22-32-
The petrological evolution of the eclogites was modelled in the NCKFMASTF1 system 
using Perple_X version 6_6_8 (Connolly, 1990), to determine the P-T conditions of the 
eclogite-facies metamorphism at each of the three localities (Figs. 5.5-5.7). The 
pseudosection was calculated using the internally consistent thermodynamic dataset 
(hpllver.dat) and the equation of state for H2O of (Holland & Powell 1998, Holland & 
Powell 2011). Solid solution models include garnet (Holland & Powell 1998), omphacite 
(Holland & Powell 1996), plagioclase (Newton et al., 1980), phengite (Holland & Powell 
1998), biotite (Powell & Holland 1999), chlorite (Holland & Powell 1998) and amphibole 
(Dale et al., 2000).
Further constraints on the peak metamorphic conditions for the eclogite samples were 
obtained from Fe-, Mg- and Ca-in-gamet, Na-in-omphacite, and Si-in-phengite isopleth 
calculations. Pseudosections show that sample NF37 formed at 600-660°C at 2.1-2.5 GPa, 
NF45 formed at 680-760°C at 2.8-3.3 GPa and NF100 formed at 720-740°C and 3.0-3.2 
GPa. These P-T data strongly correlate with previous estimates on the eclogite-facies P-T 
conditions of eclogites from the Outer Nordfjord area (Cuthbert et al., 2000).
5.3.2 Amphibolite
Two samples of mafic amphibolite were collected from Flatraket Harbour. These samples 
document the re-equilibration of the eclogite-facies metabasites at the amphibolite-facies 
conditions.
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NF46 is a sample of the amphibolitised rind of sample NF45 (Figs. 5.2D and 5.4D). The 
principle gamet-omphacite eclogite-facies mineralogy has been replaced by an assemblage 
of biotite-amphibole-plagioclase with minor epidote, rutile and secondary calcite.
Garnet has been pseudomorphed into biotite-amphibole “clots” while the eclogite matrix 
omphacite is replaced with pyroxene/amphibole-plagioclase symplectites. Amphiboles, in 
all structural positions, are tschermakite-magnesiohomblende with a composition that 
ranges from 5.8-7.3 Si per 23 O and Mg# of 0.49-0.77. Biotite has compositions of Mg# 
0.55-0.62 and Ti 0.16-0.25 pfu. Plagioclase feldspar occurs within the symplectised matrix, 
associated with the amphibole. The plagioclase has a composition that ranges from 
andesine to oligoclase, with anorthite content of Ani3_35. The epidote that is associated with 
the biotite and amphibole form isolated clusters of anhedral grains with compositions of 
XEp 0.53-0.70.
NF49 is a fully retrogressed eclogite that is equilibrated at amphibolite-facies conditions 
(Figs. 5.2E and 5.4E). This sample contains typical amphibolite-facies mineralogy of 
quartz, garnet, biotite and amphibole with minor epidote. Accessory phases include rutile, 
chlorite, and apatite.
Amphibole is ferrotschermakite-tschermakite with a composition that ranges from 6.21- 
6.56 Si per 23 O and Mg# of 0.46-0.54. Biotite has a relatively homogeneous composition 
of Mg# 0.53-0.58 and Ti 0.19-0.29 pfu. The garnet is also fairly homogeneous and is 
almandine-pyrope with moderate grossular content (Alm52-63SpS1.6Py20-32Grs11.17). 
Plagioclase is oligoclase-andesine in composition with anorthite content ranging from 
Ani9_3i. Epidote group minerals form small (0.5-1 mm) porphyroblasts that cross-cut the 
fabric defined by the biotite. Epidote is commonly anhedral, unzoned and contains 
inclusions of the matrix phases (biotite, quartz, and plagioclase) with a composition that 
ranges from XEp 0.53-0.63.
5.3.3 Granulite
Two samples were collected from the Flatraket Granulite body. NF44A is an undeformed 
granulite and contains an assemblage of quartz, biotite, plagioclase with minor garnet, and 
pyroxene (Figs. 5.3A and 5.4F-H). This sample contain large (3-10 cm) augen of alkali 
feldspar that range from near-circular to ovoid in shape. The texture of these augen has 
been likened to that of rapakivi granite (Krabbendam et al., 2000). The biotite forms ‘clots’ 
that separate quartz-rich domains from plagioclase-rich domains. The plagioclase forms a 
granoblastic texture that contains numerous fine-grained clinozoisite and kyanite crystals
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Ky/Czo 
0.5 mm
Fig.5.4. Photomicrographs of eclogite, amphibolite, and granulite samples. A) eclogite 
NF37, B) eclogite NF45, C) eclogite NF100, D) amphibolite NF46, E) amphibolite 
NF49, F-H) granulite NF44A, and I) sheared granulite NF44F. Mineral abbreviations 
after Whitney & Evans (2010).
Fig.5.3. Field photographs of the 
Flatraket granulite. A) The core 
of the granulite body showing 
the large, decimetre-sized augen 
of alkali feldspar. B) An 
eclogite-facies vein at the margin 
of the granulite. C) An 
amphibolite-facies shear zone 
that cross-cuts the granulite, with 
stretched augen. D) A block 
within the quarry of megacrystic 
granulite cross-cut by ductile 
shear zones.
r
pi +
Ky/Czo ,
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31
23
19
15
580 660 740 820 900
Temperature (°C)
8 Chi Ph Grt Omp tic qz rt
1 Chi Ph Grt zo ttn qz rt 9 Chi Ph Grt Omp Bi qz rt
2 Chi Ph Grt Omp Iws ttn qz rt 10 Chi Grt Omp Bi qz rt
3 Chi Ph Grt Omp cpx Iws qz rt 11 Ph Grt Omp Bi me qz rt
4 Chi Ph Grt Omp Iws tic qz rt 12 Grt Omp Bi me qz rt
5 Ph Grt Omp cpx Iws coe rt 13 Ph PI Grt Omp Bi qz rt
6 Ph Grt Omp Iws qz rt 14 PI Grt Omp Bi me qz rt
7 Ph Grt Omp tic qz rt 15 PI Grt Omp Bi qz rt
Fig.5.5. P-T pseudosection constructed for the Krokkenakken eclogite NF37, for the 
bulk composition (in wt. %), Si0 2 : 49.48, TiCh: 2.14, AI2O3: 16.30, Fe2C>3: 0.71, FeO: 
12.77, MgO: 7.15, CaO: 9.45, K2O: 0.32, Na2 0 : 1.66. The hatched area denotes the 
convergence of the Fe, Mg, and Ca isopleths in garnet, the Na isopleth from omphacite, 
and the Si isopleth of phengite.
Ph Grt Omp 
Iws tic qz rt
Chi Ph 
Grt Omp 
\  qz rt |
NF37 - Krokkenakken Eclogite
Na20  - MgO - Al20 3 - Si02 - KzO - CaO - TiOz - FeO - Fe20 3
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NF45 - Flatraket Harbour Eclogite
NazO - MgO - Al203 - Si02 - KzO - CaO - Ti02 - FeO
Chi Ph Grt Omph 
zo pg q rt
580 660 740 820 900
Temperature (°C)
1 Chi Ph Omp zo pa qz rt 10 Ph Grt Omp ky Iws tic cow rt
2 Chi Ph Omp Iws qz rt 11 Ph Grt Omp Iws tic qz rt
3 Chi Ph Grt Omp Iws tic qz rt 12 Ph Grt Omp ky Iws tic q rt
4 Amp Chi Ph Grt Omp Iws tic rt 13 Ph Grt Omp ky Iws tic rt
5 Chi Ph Grt Omp Bi Iws tic qz rt 14 Chi Ph Grt Omp ky Iws tic rt
6 Grt Omp Bi Iws tic rt 15 Chi Ph Grt Omp ky Iws q rt
7 Ph Grt Omp Bi Iws tic rt 16 Chi Ph Grt Omp ky zo qz rt
8 Ph Grt Omp Iws coe rt 17 Chi Grt Omp Bi ky qz rt
9 Ph Grt Omp ky Iws coe rt 18 Ph Grt Omp Bi ky q rt
19 Ph PI Grt Omp Bi qz rt
Fig.5.6. P-T pseudosection constructed for the Flatraket Harbour eclogite NF45, for 
the bulk composition (in wt. %), Si0 2 i 46.94, Ti0 2 : 2.05, AI2O3: 19.45, FeO: 10.10, 
MgO: 9.94, CaO: 9.15, K2O: 0.22, Na2 0 : 2.15. The hatched area denotes the 
convergence of the Fe, Mg, and Ca isopleths in garnet, the Na isopleth from 
omphacite, and the Si isopleth of phengite.
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NF100 - Drage Foreshore Eclogite
Na20  - MgO - Al20 3 - S i02 - KzO - CaO - TiOz - FeO
580 660 740 820 900
Temperature (°C)
l Chi Ph O m p zo ttn  qz 10 Chi Ph Grt O m p Bi cpx Iws tic rt 19 Chi Ph Grt O m p Bi zo qz rt
2 Chi Ph Grt O m p zo ttn  qz 11 Ph Grt O m p ky Iws c o e  rt 20 Chi Grt O m p Bi zo ttn  qz rt
3 Chi Ph Grt O m p zo Iws ttn qz 12 Ph Grt O m p cpx Iws qz rt 21 Chi Ph Grt O m p zo ttn  qz rt
4 Chi Ph Grt O m p Iws ttn  qz 13 Ph Grt O m p cpx Iws tic qz rt 22 Ph Grt O m p Bi ky zo qz rt
5 Chi Ph Grt O m p Iws ttn  qz rt 14 Ph Grt O m p Iws qz rt 23 Ph Grt O m p Bi ky qz rt
6 Chi Ph Grt O m p zo Iws qz rt 15 Ph Grt O m p ky Iws qz rt 24 Grt O m p Bi ky zo qz rt
7 Chi Ph Grt O m p Iws tic qz rt 16 Ph Grt Om p cpx ky zo qz rt 25 Chi Grt O m p Bi ky zo qz rt
8 Ph Grt O m p zo Iws tic qz rt 17 Ph Grt O m p ky zo tic qz rt 26 Ph PI Grt O m p qz rt
9 Chi Ph Grt O m p Bi Iws tic  rt 18 Chi Ph Grt O m p zo tic qz rt 27 Ph PI Grt O m p Bi qz rt
Fig.5.7. P-T pseudosection constructed for the Drage eclogite NF100, for the bulk 
composition (in wt. %), SiCh: 49.18, Ti0 2 : 2.07, AFO3: 16.88, FeO: 8.01, MgO: 9.26, 
CaO: 12.16, K2O: 0.21, Na2 0 : 2.21. The hatched area denotes the convergence of the 
Fe, Mg, and Ca isopleths in garnet, the Na isopleth from omphacite, and the Si 
isopleth of phengite.
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that have been previously been interpreted to represent the onset of static eclogitisation 
within the Flatraket granulite (Wain et al, 2001). Biotite from this sample ranges in 
composition from 0.41-0.43 Mg# and Ti 0.34-0.41.
NF44F (Figs. 5.3C-D and 5.41), was collected from a shear zone that cross-cuts the 
undeformed granulite. These shear zones have been interpreted to have formed under 
amphibolite-facies conditions (Corfu et al., 2013). The sample contains an assemblage of 
quartz, plagioclase, and biotite with minor alkali feldspar, epidote, and titanite. This 
sample is finer grained than NF44A, with no alkali feldspar augen preserved. NF44F has a 
strong mylonitic fabric defined by alternating layers of biotite-rich and quartz-rich 
domains. Biotite from this sample has a different chemistry from those from the 
undeformed sample, with a composition of Mg# 0.45-0.46 and Ti 0.30-0.35.
5.4 40Ar/39Ar Dating Methods and Results
5.4.1 Single Grain Fusion Data
Single grain fusion analysis was undertaken at the Ar/Ar and Noble Gas Laboratory at the 
Open University (OU), and the NERC-funded Argon Isotope Facility (AIF) housed at the 
Scottish Universities Environmental Research Centre (SUERC) following the 
methodologies outlined in Chapter 3. A summary of the single grain fusion data is 
provided in Table 5.4 and shown in Figs. 5.8-5.10. The full dataset is provided in 
Appendix C.
5.4.1.1 Eclogite
Analysis of 20 white mica grains and 13 amphibole grains from sample NF37 from 
Krokkenakken yielded ages that range from 464 ±3.4 Ma to 412 ± 2.2 Ma for the white 
mica and 1850 ± 15.5 Ma to 438 ±6.9 Ma for amphibole (Fig. 5.8A).
19 white mica and 23 amphibole grains from eclogite NF45 from Flatraket Harbour 
yielded ages that range from 607 ± 0.9 Ma to 396 ± 6.3 Ma and 2325 ± 7.3 Ma to 391 ± 
12.9 Ma for white mica and amphibole, respectively (Fig. 5.8B).
14 white mica grains from the eclogite at Drage (NF100) yielded ages that range from 757 
± 9.1 Ma to 423 ± 9.7 Ma (Fig. 5.8C).
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5.4.1.2 Amphibolite
Sample NF46 yielded 15 biotite and 17 amphibole ages that range from 391 ± 3.7 Ma to 
364 ± 6.5 Ma and 503 ± 7.0 Ma to 386 ± 4.4 Ma, respectively (Fig. 5.9A).
12 biotite grains and 7 amphibole grains from the garnet amphibolite NF49 yielded ages 
that range from 424 ± 2.4 Ma to 410 ± 2.1 Ma and 858 ± 22.3 Ma to 389 ±4 . 1  Ma, 
respectively (Fig. 5.9B).
5.4.1.3 Granulite
14 analyses of biotite grains from the undeformed Flatraket granulite sample NF44A and
15 biotite grains from the sheared sample NF44F yielded very similar ages that range from 
405 ± 4.7 Ma to 383 ± 2.4 Ma and 409 ± 3.8 Ma to 382 ± 2.3 Ma, respectively (Fig. 5.10).
NF44A 
Number of Analyses 
o (Cumulative0/)) 10o
NF44F 
Number of Analyses
420
410 ■
5  4 0 0 -
CD
CD
<
390 ■
380 ■
U-Pb Zircon Age
0 (C u m u la t iv e  % ) 100
Biotite
U-Pb Titanite Age
Fig.5 .10. Cumulative graphs of biotite single grain fusion analyses for the Flatraket 
granulite. A) Sample NF44A from the undeformed granulite, and B) sample NF44F 
from the amphibolite-facies shear zones. The pink boxes represent the U-Pb zircon 
ages for the timing of peak metamorphism of Root et al., (2004) and the green 
boxes represent the U-Pb titanite ages of the amphibolite-facies recrystallization of 
Spencer et al., (2013).
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5.4.2 UV Laser Ablation Data
Eclogite sample NF37 and granulite sample NF44A were selected for detailed in-situ laser 
ablation analysis to provide spatial context to the observed single grain fusion age 
variations and to analyses other phases associated with the micas. UV laser ablation was 
undertaken at the Ar/Ar and Noble Gas Laboratory at the Open University (OU) following 
the methodology outlined in Chapter 3. A summary of the ages is provided in Table 5.4 
and on the representative photomicrograph in Fig. 5.11. The full dataset is provided in 
Appendix D.
18 spots on white mica grains from eclogite sample NF37 (Fig. 5.11) yielded single spot 
ages ranging from 438 ± 2.3 Ma to 402 ± 10.6 Ma. Within uncertainty, the white mica data 
yielded internally consistent ages with no consistent core-rim variations. Spot analysis of 
garnet and omphacite within the eclogite revealed negligible concentrations of Ar above 
background levels, indicating that no Ar was contained within these minerals.
9 spots on two biotite grains and 3 spots on a feldspar grain in sample NF44A yielded ages 
that range from 404 ± 4.0 Ma to 386 ± 7.3 Ma and 1502 ± 78.6 Ma to 360 ± 2.6 Ma, 
respectively. The biotite ages are consistent with those documented from the single grain 
fusion analysis.
5.5 Discussion
5.5.1 Eclogites
White mica and amphibole grains from eclogites from the Outer Nordfjord area show a 
very large spread in 40Ar/39Ar ages, from 727-396 Ma for white mica and 2325-391 Ma for 
amphibole. 98% of white mica and 97% of amphibole grains yielded ages that are far 
greater than the timing of peak metamorphism (405-400 Ma. U-Pb zircon; Root et al, 
(2004)) and amphibolite-facies recrystallization (399-379 Ma. U-Pb titanite; Spencer et al., 
(2013)). The factors that have caused elevated 40Ar/39Ar ages in the eclogites could be a 
lack of a fluid phase and a system that was closed to the loss of Ar. A lack of a fluid phase 
within the eclogites would mean that there was no medium by which Ar can be removed 
from the grain boundary network. Coupled with a system that is closed to the loss of Ar, 
these factors would cause the Ar that is produced to be retained within the eclogites.
The white mica analyses from the mafic eclogites (Fig. 5.8D), also show that there are 
differences between the eclogites from the different localities. NF45 and NF100 from 
Flatraket Harbour and Drage yield identical 40Ar/39Ar age patterns, which are consistently
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440 - 450 M a
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400 - 410 Ma
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380 - 390 Ma
370 - 380 Ma
< 370 Ma± 7 Ma
Fig.5.11. A reflected light photomicrograph showing in-situ UV laser ablation 40Ar/39Ar 
analysis in white mica from sample mafic eclogite sample NF37. Gt = garnet, Op = 
omphacite
older, and with a greater spread, than NF37. This may be due to petrological difference 
between the eclogites, with NF45 and NF100 being kyanite-bearing and NF37 being 
clinozoisite-bearing. Clinozoisite may be acting as a sink for Ar within eclogite NF37; 
however, this remains untested. Solubility studies indicates that minerals with open crystal 
structures, such as clinozoisite, may indeed act as sinks for Ar (Jackson et al, 2013).
The presence of clinozoisite in NF37, an additional hydrous phase that is not present in 
eclogites NF45 and NF100, implies that NF37 had a greater fluid component. This 
increased fluid component in NF37 would have aided in the removal of Ar from the grain 
boundary network, yielding younger 40Ar/39Ar white mica ages and reduced the overall 
spread in age data on NF37, compared to samples NF45 and NF100.
The amphibole analysed from the eclogites is texturally younger than the white mica yet 
yields a far greater spread in 40Ar/39Ar ages, from 2325-391 Ma (a spread of 1934 Ma).
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The amphiboles form at the contact between garnet and omphacite and contain very little K 
(-0.5 wt. %), therefore the 40Ar/39Ar ages most likely represent contamination by Ar within 
a closed grain boundary network, and the contamination mostly probably occurred during 
amphibole crystallisation. This relationship of texturally younger amphiboles yielding 
40Ar/39Ar ages that are older than those recorded by white mica has also been documented 
in other eclogites from HP and UHP terranes, indicating that these age patterns might be a 
common occurrence within mafic eclogites (Sherlock et al, 1999, Sherlock & Kelley 
2002, Di Vincenzo 2006).
Overall, the 40Ar/39Ar ages from white mica and amphibole from the mafic eclogites of the 
Outer Nordfjord area indicate that during the decompression and exhumation of the WGR, 
mafic eclogites behaved as a closed system to Ar loss. In-situ analysis of garnet and 
omphacite in the eclogite did not reveal any measurable Ar above background, indicating 
that these phases did not act as sources or sinks for Ar during exhumation. This closed 
system nature meant that Ar could not be expelled from the rock and was instead 
redistributed between the white mica, the amphibole and/or other phases present in the 
rock such as clinozoisite.
5.5.2 Amphibolite
Samples NF46 and NF49 were selected to understand what happens to the Ar systematics 
at the periphery of the large eclogites and to smaller mafic lenses during the exhumation of 
the WGR. Petrographically, the amphibolites document mineralogical changes that occur 
to mafic eclogites during exhumation. These include the conversion of garnet to biotite + 
amphibole, formation of amphibole + plagioclase from omphacite, and biotite + 
plagioclase from the breakdown of white mica via symplectization (cf. Chapter 4). Both 
these reactions require the influx of fluid into the mafic eclogite.
Biotite and amphibole 40Ar/39Ar single grain fusion analysis from NF46 yield much 
narrower age ranges than the white mica and amphibole from the associated mafic eclogite 
(NF45). Biotites range from 391-364 Ma and the amphiboles range from 503-386 Ma, with 
biotite yielding consistently younger ages. The amphibole dataset is also more scattered 
than the biotite dataset, with a total age range of 117 Ma, rather than only 27 Ma in the 
biotite. The biotite ages are the same as the biotite ages yielded by the felsic gneisses 
documented in Chapter 3.
Biotite and amphibole from NF49 range in 40Ar/39Ar age from 424-410 Ma and 849-385 
Ma, respectively. The biotite grains in NF49 show older relative ages, with a narrower
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range in age, than those in NF46 (14 Ma compared with 27 Ma from NF46, Fig. 5.9C). The 
spread in the amphibole ages is also increased in sample NF49 with respect to sample 
NF46, from 117 Ma to 464 Ma.
These data show that during the amphibolitisation of mafic eclogites, the influx of fluids 
required for the process of amphibolitisation initially resets the amphibole 40Ar/39Ar 
chronometer, leading to both a reduction in age and age range from 1934 Ma in the mafic 
eclogite to 117 Ma in the amphibolites. The initial amphibolitisation reaction also reduces 
the mica 40Ar/39Ar ages from 727-396 Ma in the eclogite-bearing white mica to 381-364 
Ma in the amphibolite-bearing biotite.
As amphibolitisation progresses, continued hydration of the mafic lenses causes the biotite 
and amphibole ages to become increasingly older, to ages greater than the 405-400 Ma 
timing of peak metamorphism (Root et al., 2004). During decompression and exhumation, 
the felsic gneisses that host the mafic lithologies are undergoing dehydration reactions (e.g. 
symplectization of white mica to produce biotite + plagioclase; cf. Chapter 4). Since the 
amphibolites are hosted wholly within granodioritic gneisses, which are undergoing 
dehydration reactions during exhumation, the age increase documented in the amphibolites 
is most likely caused by contamination of Ar derived from these gneisses. Therefore during 
exhumation, the mafic amphibolites are acting as sinks for Ar that is being sourced from 
the felsic lithologies.
5.5.3 Granulite
The granulite at Flatraket is a relic lithology from prior to the Caledonian Orogeny. Its 
crystallisation age and granulite-facies metamorphism age are constrained by U-Pb zircon 
at c. 1670-1640 Ma and c. 1100-1000 Ma, respectively (Corfu et al., 2013). During the 
Caledonian Orogeny, when much of the WGR was converted to eclogite-facies 
assemblages, the Flatraket Granulite only underwent minor eclogite-facies metamorphism 
within the core of the body as evidenced by the static conversion of plagioclase to zoisite + 
kyanite (Wain et a l 2001). At the margins of the granulite body, eclogite-facies 
assemblages are found in cross-cutting veins (Fig. 5.3B; Wain et al, (2001)).
The arrested eclogitisation of the precursor granulite has been attributed to sluggish 
reaction kinetics, caused by the lack of a fluid phase (Wain et al, 2001). In essence, the 
body remained ‘dry’ during much of the Caledonian Orogeny thus preserving its original 
granulite-facies mineral assemblages. The 40Ar/39Ar biotite age data, however suggests that
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the biotite was still able to degas. The yielded biotite 401-379 Ma age range is within the 
range of the biotite 40Ar/39Ar ages documented from the felsic gneisses (Chapters 3 and 4).
In-situ analysis of the undeformed granulite hints at a possible sink for the Ar released 
during the degassing of the biotite. 3 spot ages on feldspar within the granulite yielded 
40Ar/39Ar ages that range from 1485-356 Ma. This broad spread in ages implies that the 
feldspar, like those documented in the symplectites of Chapter 4, act as sinks for Ar within 
the granulite as well as the felsic gneisses of the WGR. However, further data from the 
feldspars within the granulite would be required to fully explore this interpretation.
Single grain fusion analysis of biotites from the amphibolite-facies shear zones that cross­
cut the Flatraket Granulite yield 40Ar/39Ar ages that range from 404-379 Ma. These are, 
within error, identical to the ages from the undeformed granulite and the felsic host 
gneisses. The weighted means of the biotite 40Ar/39Ar from the sheared and undeformed 
granulite are also identical at 387-386 Ma.
The coincidence in biotite 40Ar/39Ar age data from the undeformed granulite, the sheared 
granulite and those of the felsic gneisses that host the Flatraket Granulite indicate that 
during the exhumation of the WGR biotite appears to have behaved in a very similar 
manner regardless of the lithology. The similarities between the biotite 40Ar/39Ar ages from 
the undeformed and sheared granulite also make interpreting the timing of when the shear 
zones were active within the granulite difficult.
5.6 Further Discussions
What is clear from this study is that the mafic eclogites and the felsic granulite behaved 
differently during the Caledonian Orogeny. Both eclogites and granulites are traditionally 
considered ‘dry’ or anhydrous lithologies, despite containing some hydrous phases. Biotite 
within the granulite was able to equilibrate and yield Caledonian 40Ar/39Ar ages whilst the 
white mica in the eclogite does not seem to have equilibrated. Three possibilities for the 
difference in behaviour of the mica in the eclogite and the granulite are:
(1) Lithological differences between the two rock types,
(2) Petrological differences between the two rock types, and
(3) Mineralogical differences between white mica and biotite.
Lithologically, the eclogites and the granulite from the Outer Nordfjord are fundamentally 
different. The eclogites are derived from a basaltic protolith while the granulite has a
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granitic (quartz monzonitic) protolith. Whole rock data (Appendix E) shows that the 
eclogites contain only -0.4 wt. % K2O and the granulite contains -3.4 wt. % K2O. Since 
40Ar is produced from the radioactive decay of 40K (cf Chapter 1), it would stand to reason 
that the granulite, with its greater K content, should be able to produce more 40Ar as 
described by Foland (1979) and Sherlock & Kelley (2002).
The anhydrous nature of the eclogites and granulite would hinder the diffusional loss of Ar 
from the white mica and biotite since there is little to no fluid present in the grain boundary 
network to remove Ar from the rock (e.g. Foland (1979), Scaillet (1996)). The greater 
capacity for the granulite to produce 40Ar than the mafic eclogites would imply that the 
granulite should be more affected by excess Ar contamination. However, the eclogite white 
mica ages show more contamination than the granulite biotite. Therefore, it seems that a 
lithological control on the observed 40Ar/39Ar signatures from the eclogites and the 
granulite is unlikely.
Another possibility for understanding the differences in behaviour of Ar between the 
eclogites and the granulite is the retentivity to Ar of white mica and the biotite. 
Experimental studies on white mica have shown that the Ar retention of white mica 
increases with increasing pressure (Harrison et al., 2009). These experimental data imply 
that the high pressures (2.6-3.2 GPa) experienced by the eclogites and the granulite during 
the peak of the Caledonian Orogeny had a greater effect on the white mica than on the 
biotite, causing Ar to be more readily retained within the white mica. This allowed the 
biotite in the granulite to degas and record 40Ar/39Ar ages that are equivalent to those 
observed in the felsic gneisses, whereas the white mica retained only ‘anomalous’ ages that 
are older than the timing of its crystallization.
Experimental work on biotite has shown that composition has a greater effect on Ar 
retention (Harrison et al., 1985, Grove & Harrison 1996). These studies demonstrated that 
with igneous biotites, with the increasing replacement of Mg2+ by Fe2+ within the biotite 
crystal lattice, Ar can diffuse more readily from biotite. The change in the Fe/Mg content 
of biotite results in reducing the Tc of biotite, therefore Fe-rich biotites should yield 
younger ages than Mg-rich biotites (Harrison et al, 1985). However, data from this study 
suggests that the composition of biotites may not have had much of an influence on the 
resulting 40Ar/39Ar ages.
Biotites from the amphibolites show a marked contrast to the experimental data. NF46 
biotites have a very broad range in composition and are more Mg-rich than biotites from
128
Chapter 5: Eclogites, Amphibolites, and Granulites
NF49 (Mg# 0.55-0.62 and 0.53-0.58, respectively). Yet the more Mg-rich biotites of NF46 
yield the youngest ages, from 391-364 Ma, when compared with the more Fe-rich biotites 
of NF49 at 424-410 Ma.
An explanation for the differences between the experimental diffusion data of biotite and 
the data documented in this study is that the amphibolites show evidence for 
recrystallization and the interaction with fluids. As documented in Chapter 3, the processes 
of recrystallization and fluid interaction can affect the Ar isotopic signature of biotite. 
Recrystallization causes biotite ages to become elevated compared to ages that are 
expected from a simple diffusional interpretation (cf. Chapter 3). Fluid interactions can 
cause elevated 40Ar/39Ar age by bringing Ar into a system from an external source. For the 
amphibolites, this external source is probably the dehydrating host felsic gneisses. These 
results show, like with 40Ar/39Ar age data from felsic gneisses, that the physical processes 
that are affecting the amphibolites during the exhumation and decompression of the WGR 
have a far greater impact on the (re)distribution of Ar than simple thermal diffusion alone.
Since biotite in the granulite was able to degas and the white mica in the eclogites was not, 
there are hints that there might also be a petrographic control on the movement of Ar 
within these rock types. In-situ analyses of feldspar in the granulite, and omphacite and 
garnet in the eclogite show that the feldspar contains variable amount of Ar, whist the 
omphacite and garnet do not contain any measurable Ar. Feldspar acts a sink for Ar within 
the felsic gneisses (Chapter 4), allowing Ar degassed from white mica to be absorbed. This 
process also appears to have operated in the granulite as well, with feldspar acting as a sink 
for Ar during biotite degassing during decompression and exhumation.
The lack of measurable Ar in the omphacite and garnet indicates that these minerals did 
not act as a sink for Ar within the eclogite. Other phases within the eclogite, such as 
clinozoisite or kyanite, may have acted as sinks for Ar. A single study by Itaya et al., 
(2008) of detrital kyanites indicates that kyanite may be a potentially large sink for Ar. 
However, the Ar content of the kyanite present in the eclogite this study was not analysed 
due to its rarity and small grain size. As previously mentioned, clinozoisite may also act as 
a sink for Ar, based upon solubility studies, but to date no 40Ar/39Ar studies have been 
undertaken in natural clinozoisite. Therefore, the elevated age in the eclogites implies that 
either Ar diffused out of the white mica and was later reincorporated or it never managed 
to diffuse out of the white mica in the first place. If Ar was able to diffuse out of the white 
mica but was subsequently reincorporated, then older 40Ar/39Ar ages would be expected at 
the rims of the white mica, relative to the core, where Ar had diffused back into the white
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mica forming convex age profiles. If Ar had not been able to diffuse at all, the elevated 
ages would occur throughout the grains. In-situ analysis of white mica shows a slight 
pattern in the 40Ar/39Ar age, with patchy ‘older’ ages and ‘younger’ ages within the grain 
(Fig. 5.11). These age are still equal to, and older than, the timing of peak metamorphism 
(405-400 Ma; Root et al, (2004)) indicating that while diffusion may have occurred, it was 
insufficient to reset the 40Ar/39Ar ages.
5.7 Conclusion
Mafic eclogites and granulites form only a minor lithological component of the WGR, yet 
provide important information regarding the differing behaviour of Ar in mafic and felsic 
lithologies during the exhumation of the WGR. White mica that forms part of the peak 
metamorphic assemblage in the mafic eclogites yields ages that range from 727 Ma to 396 
Ma, while secondary amphibole that grew from the reaction between garnet and omphacite 
yields highly scattered ages that range from 2325 Ma to 391 Ma. These ages are older than 
the timing of peak metamorphism defined by U-Pb zircon and older than the relative 
timing of crystallisation of these phases (Root et al., 2004). Overall, the eclogite 40Ar/39Ar 
age data show that mafic eclogites behaved as a closed system to Ar loss during the 
exhumation of the WGR.
Amphibolites that form from the hydration of the mafic eclogites during exhumation and 
decompression of the WGR provide a record of processes at the mafic eclogite -  felsic 
gneiss interface. Initial amphibolitisation and recrystallization of the mafic eclogites results 
in the younging of the 40Ar/39Ar chronometers, yielding biotite ages that range from 391 
Ma to 364 Ma and amphibole ages that range from 503 Ma to 386 Ma. These data imply 
that the influx of fluids derived from the dehydrating felsic gneisses initially reset the 
40Ar/39Ar chronometers in the edges of the mafic eclogites. With continued 
amphibolitisation, the biotite and amphibole grains in the amphibolites acquire apparently 
older 40Ar/39Ar ages, yielding ages that range from 424 Ma to 410 Ma and 849 Ma to 385 
Ma, respectively. These data indicate that during exhumation of the WGR, amphibolites, 
hydrated by fluids derived from the host felsic gneisses, acted as a sink for Ar.
The Flatraket Granulite body documents the fact that, despite the lack of metamorphic 
reaction that failed to convert the granulite to eclogite and/or amphibolite-facies 
assemblages, the biotite behaved as an open system with regards to Ar loss. The biotites 
recorded Caledonian ages with feldspar acting as a sink for Ar and recording highly 
variable ages.
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Overall, these data indicate that during the Caledonian Orogeny, the anhydrous lithologies 
behaved differently with respect to their abilities to redistribute Ar within the rock volume. 
The difference in behaviour may be a combination of the different retention properties of 
white mica and biotite to Ar loss, but also the other minerals associated with the micas. 
The mafic eclogites have no sinks for Ar other than the white mica, whereas the feldspars 
within the granulite act as a sink for the Ar degassing from the biotite. This allows the 
biotite to remain relatively contamination-free in comparison to the white mica in the 
eclogite and allows them to record Caledonian ages.
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The main aims of this study, as outlined in Chapter 1, were:
(1) To create a conceptual diffusion modelling framework, in which 40Ar/39Ar ages may be 
interpreted in terms of the metamorphic evolution of the WGR,
(2) To understand how the physical processes that affect rocks during exhumation, such as 
recrystallization, deformation, and fluids, have affected the Ar isotopic signature of the 
crustal gneisses of the WGR and to use 40Ar/39Ar chronology to track these processes 
during decompression from eclogite-facies conditions to amphibolite-facies conditions,
(3) To investigate how Ar is redistributed during the breakdown of high-pressure white 
mica to biotite and plagioclase symplectites in order to determine how Ar behaves during 
an exhumation-related metamorphic reaction, and
(4) To compare and contrast the behaviour of Ar in anhydrous mafic eclogite and felsic 
granulite lithologies in order to how these lithologies behaved, with respect to the Ar 
isotope systematics, during the Caledonian Orogeny.
These aims were achieved by using infra-red (IR) laser single grain fusion of white mica, 
biotite, and amphibole mineral separates in conjunction with ultraviolet (UV) laser ablation 
in-situ analysis of white mica, biotite, and plagioclase in polished slabs from selected 
samples. Non-K-bearing mineral phases including quartz, garnet, and omphacite were 
analysed to determine whether these phases were acting as sinks for Ar during exhumation.
(1) Diffusion modelling has been shown to be a powerful tool for estimating the expected 
bulk ages for white mica and biotite, for a known P-T history, and in turn the modelling 
can be used to gauge whether the measured 40Ar/39Ar ages can be interpreted as cooling 
ages. These models solve the diffusion equation (Equation 1.3) numerically and do not 
assume the shape of the cooling curve that the Dodson Tc formulation requires. WGR 
models suggest that white mica and biotite should yield ages that are 6 Ma and 11 Ma 
younger, respectively, than the timing of mica crystallisation, for a moderate cooling rate 
of 25°CMa'1. Assuming cooling from 393 Ma (the weighted mean U-Pb titanite age; 
Spencer et al. (2013)), white mica should yield an age of -387 Ma and biotite should yield 
an age of -382 Ma.
The petrographic evolution and the relative timing of white mica and biotite growth for the 
felsic gneisses and eclogites were constrained by using the P-T modelling software 
Perple_X. Petrogenetic modelling indicates that the felsic gneisses and the eclogites shared 
a common P-T path and that during exhumation and decompression, white mica in the
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gneisses broke down to form biotite + plagioclase symplectites over a broad pressure 
interval of 1.9-1.1 GPa.
(2) The modelling results were used to assess the single grain fusion 40Ar/39Ar ages in 
terms of the petrographic evolution of the rock and the open system assumption of the Tc 
formulation. IR laser single fusion analysis of white mica and biotite mineral separates of 
felsic gneisses from the Outer Nordfjord area of the WGR, which are geochemically 
similar, yet record different stages of the metamorphic cycle, yield broad ranges in 
40Ar/39Ar ages. White mica 40Ar/39Ar ages range from 423 ± 7 Ma to 377 ± 8 Ma, while 
biotite yields 40Ar/39Ar ages of 438 ± 3 Ma to 353 ± 5 Ma. These ages span the entirety of 
the known metamorphic cycle for the Caledonian Orogeny and cannot be interpreted as 
mica cooling ages through a mineral specific Tc.
Simple diffusion models cannot readily explain the youngest or the weighted mean 
observed 40Ar/39Ar ages, nor explain the range of ages documented in the felsic gneisses; 
instead these data show that physical processes such as recrystallization, deformation, 
partial melting and the influx of fluids appear to have had a greater effect on Ar 
distribution. Samples that show significant recrystallization and deformation yield younger 
white mica ages, but older biotite ages, than more pristine samples. Furthermore, 
migmatisation acts to make biotite ages younger in the amphibolite-facies gneisses 
whereas fluid infiltration acts to increase biotite ages.
UV laser ablation in-situ analysis was used to understand the spatial distribution of the 
heterogeneous single grain fusion ages, both within grains in the same sample and between 
samples. In-situ analysis yields a similar, broad range in 40Ar/39Ar age to the single grain 
fusion dataset. White mica and biotite spot ages ranged from 502-348 Ma and 441-360 Ma, 
respectively. The in-situ studies also demonstrated a lack of core-rim age profiles in the 
white mica and biotite that could not be attributed to diffusion. Instead, ‘old’ ages in the 
white mica were patchily distributed within the grains and were not associated with the 
geographic cores of the grains. Biotite, however, yielded more homogeneous within-grain 
age distributions.
(3) A detailed UV-laser ablation study was undertaken to understand how Ar was 
(re)distributed within the felsic gneisses during the decompression-related breakdown of 
white mica, and which minerals acted as Ar sources and/or sinks. White mica yields a 
patchy distribution of ‘old’ ages (>492 Ma) that are not associated with the geographic 
core of the grain. ‘Younger’ ages within the white mica range from 412-389 Ma. Biotite
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and plagioclase within the replacement symplectite yield ages that range from 389-380 and 
705-269 Ma, respectively. Texturally younger idioblastic biotites yield ages that range 
from 400-377 Ma. These data indicate that as HP white mica breaks down, some released 
Ar is incorporated into the symplectic biotite and some into plagioclase. The texturally 
younger idioblastic biotites yield a larger range in 40Ar/39Ar age than the texturally older 
symplectite biotite. These data indicate that during the continued growth of biotite from 
symplectic to idioblastic form, Ar became increasingly incorporated into the idioblastic 
biotite. These data show that white mica acts as a source for Ar in the biotite during its 
crystallisation from white mica and that plagioclase is a major sink for Ar in the felsic 
gneisses during the exhumation of the WGR.
(4) The eclogites and granulites from the Outer Nordfjord area behaved differently with 
regards to their Ar systematics. The eclogites yielded white mica and amphibole single 
grain fusion 40Ar/39Ar ages that ranged from 757-396 Ma and 2325-391 Ma, respectively. 
Meanwhile the biotite and feldspar from the felsic granulite yielded 40Ar/39Ar ages that 
range from 405-383 Ma and 1502-360 Ma, respectively. The younger ages in the granulite 
biotite indicate that biotite was able to degas during the exhumation of the WGR, thus 
yielding ages that are similar to the biotite in the felsic gneisses. The white mica in the 
eclogite was not able to degas, however, thus recording ‘old(er)’ 40Ar/39Ar ages. What 
these data show is that granulite behaved locally as an open system, allowing Ar to be lost 
during exhumation. The eclogites, however, behaved as a closed system to the loss of Ar. 
With the absence of a fluid phase within both rocks types, it can be argued that the feldspar 
in the granulite acted as a sink for Ar, since the 40Ar/39Ar ages of the feldspar are highly 
variable. Since feldspar is absent from the mafic eclogites, there was no mineralogical sink 
for Ar released from the white mica within the rock volume.
At the margins of some of the larger eclogites the presence of amphibolites shows that 
fluid influx initially catalysed the recrystallization of the HP eclogite-facies parageneses to 
an amphibolite-facies mineral assemblage of biotite + amphibole + plagioclase. Biotite 
single grain fusion 40Ar/39Ar ages range from 391-364 Ma and amphibole single grain 
fusion 40Ar/39Ar ages range from 503-386 Ma. These ages are younger than the white mica 
and amphibole ages reported for the associated eclogite, suggesting that recrystallization to 
an amphibolite-facies paragenesis reset the 40Ar/39Ar ages at the margin of the eclogite. 
Prolonged fluid influx, presumably derived from the dehydrating felsic gneisses, led to 
older biotite and amphibole 40Ar/39Ar ages in these samples (424-410 Ma and 849-385, 
respectively) indicating that the amphibolites acted as sinks for Ar on the outcrop scale.
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Overall these data show that white mica and biotite 40Ar/39Ar ages from the eclogites, 
amphibolites, felsic gneisses, and felsic granulites cannot be reconciled with simple model 
of diffusional loss, and that at HT, Ar may not readily diffuse out of micas. By combining 
40Ar/39Ar ages with diffusion modelling and detailed petrographic analysis, these data can 
instead shed light on the sources and sinks for Ar within the rock volume and show how 
processes such as recrystallization affect the behaviour of Ar during the exhumation of 
metamorphic terranes.
These study shows that white mica and biotite 40Ar/39Ar ages may not always be 
interpretable as cooling ages and that they require careful assessment in terms of their 
metamorphic and petrological evolution of HP terranes. Understanding the petrographic 
evolution is necessary to provide a basis for interpreting the behaviour of Ar, thus allowing 
40Ar/39Ar age data to be linked more accurately to a metamorphic ‘stage’.
6.2 Broader Implications of This Study
6.2.1 Implications for the Dodson Closure Temperature Formulation
For metamorphic 40Ar/39Ar to be considered robust cooling ages, they must be shown to 
adhere to the three inherent assumptions of the Dodson (1973) Tc formulation:
1) The concentration of Ar within a grain is governed only by thermally-activated 
volume diffusion that adheres to Fick’s 2nd law of diffusion.
2) The mineral grain crystallised or recrystallized with no inherited Ar within its 
crystal lattice, and
3) The grain boundary network operates as an ‘open system’ i.e. the concentration of 
Ar in the grain boundary is negligible such that the grain boundary network acts as an 
‘infinite’ sink for Ar.
The evidence documented in this study from the gneisses and minor lithologies of the 
WGR indicates that all three of the inherent assumptions implied within the Dodson Tc 
formulation are invalidated on some level and that the 40Ar/39Ar ages produced cannot be 
linked to mineral specific closure temperatures. Firstly, diffusion model results do not 
match the in-situ age profiles, suggesting that thermally-activated volume diffusion was 
not one of the primary mechanisms acting in the Nordfjord high-temperature metamorphic 
rocks for redistributing Ar within micas. Other physical processes such as white mica 
breakdown, partial melting, and the influence of fluids had a far greater impact on
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redistributing Ar within this metamorphic system, thereby invalidating the first assumption 
if the Tc formulation. Secondly, Ar data from different portions of the symplectite 
breakdown reaction documented in Chapter 4 showed that Ar can be reincorporated into 
mineral grains during (re)crystallisation, thereby invaliding the second assumption of the 
Tc formulation. Thirdly, the broad, heterogeneous spreads in Ar ages documented in the 
symplectites and gneisses indicates that Ar was not able to readily leave the system but 
instead acted as a contaminant. This implies that the grain boundary network not operating 
as a fully open system and the grain boundary network was not acting as an ‘infinite’ sink 
for Ar, invalidating the third assumption of the Tc formulation.
Overall these data show that even when, on average, the yielded Ar ages are younger than 
ages yielded from higher temperature chronometers, it is important to consider and test the 
full implications of the Dodson (1973) Tc formulation assumptions. The interpretation of 
these ages as ‘cooling ages’ is not valid in this terrane even though high enough 
temperatures were encountered for long enough after mica crystallisation. It is therefore 
important to assess the role that diffusion plays in future 40Ar/39Ar geochronological 
studies of metamorphic terranes. This can be achieved by detailed in-situ spot analysis of 
mica grains to determine the presence of diffusion profiles which would point towards 
diffusion being the primary mechanism for redistributing Ar within mineral grains.
6.2.2 Assessing Suitability of Grains for Dating: White Mica or Biotite? Which 
Mineral for Which Circumstance?
This study has shown that, particularly during high-temperature exhumation paths (~700°C 
and ~3-l GPa), white mica and biotite may not yield information about the metamorphic 
terranes cooling history. Therefore it is important to assess which mineral is suitable for 
understanding the evolution of high-temperature metamorphic terranes. Diffusion models 
can be used to extrapolate expected 40Ar/39Ar ages from K-bearing minerals given a set of 
P-T conditions given the same set of assumptions as the Dodson (1973) Tc formulation.
Diffusion models suggest that due to its more diffusive nature, biotite would make a more 
ideal Ar chronometer than white mica for understanding quantifying cooling histories at 
low temperature metamorphic conditions (~450°C at 1 GPa). At higher temperature 
metamorphic conditions (> ~650°C at 1 GPa), either white mica or biotite could 
theoretically be used to determine the cooling histories of a given metamorphic terrane.
This modelled behaviour is, however, not observed in the natural samples from the WGR 
because the assumptions mentioned above are not met. White mica and biotite display
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variable contamination from Ar that was unable to leave the system during decompression 
and exhumation. Therefore because the spatial Ar distributions in natural samples may or 
may not correspond with those predicted by diffusion models, it is important to assess the 
Ar data from each mineral within each sample on a case by case basis, in conjunction with 
the P-T and petrological evolution of the sample.
In the WGR, white mica is almost always associated with the peak metamorphic 
assemblage, and is present as a relic phase in lower pressure lithologies. Biotite, on the 
other hand, is the result of the breakdown of the white mica during decompression as a 
result of symplectisation. This petrological evolution is for the most part reflected in the 
40Ar/39Ar data: where biotite is associated with white mica breakdown then the biotite 
yields younger ages. The youngest biotite 40Ar/39Ar ages of the entire sample set are found 
within these symplectites and yield the most plausible cooling ages. In the case of the 
WGR, it is biotite and not white mica that appears to yield cooling age information and 
therefore any future mica studies of high-temperature metamorphic terranes will require 
then investigation of phases in multiple petrological positions in order to determine which 
minerals in which circumstances yield be most reliable information regarding the cooling 
history of the WGR.
6.2.3 Strategies for Collection of Metamorphic 40Ar/39Ar Age Data
In this study, 24 samples of similar geochemical composition in which the petrographic 
evolution was well-constrained were analysed. In detail, data were collected from 224 
grains and 210 spots on white mica, 373 grains and 167 spots on biotite, and 60 grains of 
amphibole as well as non-K-bearing phases such as garnet, plagioclase, and epidote. This 
in-depth study allowed the sources and sinks for Ar during a metamorphic cycle to be 
assessed. Only by performing such an in-depth study can the behaviour of Ar in high- 
temperature metamorphic rocks be characterised and understood within a petrological and 
geochronological framework.
This study has shown that no one single sample from a metamorphic terrane will 
necessarily yield the desired information regarding the cooling history. Instead by applying 
a multi-sample, multi-technique study, on samples that are petrologically and 
geochronologically well constrained such as the one described here will allow future 
studies a detailed overview of the behaviour of the Ar within the system and for the role of 
diffusion to be assessed.
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6.3 Suggestions for Future Work
The work carried out in this study could be enhanced and complimented by numerous 
other studies that would further our understanding of the behaviour of Ar during a 
metamorphic cycle. These include:
(1) A Rb-Sr geochronological study of the white mica and biotite analysed in this study. 
Rb-Sr ages of mica from other HP terranes have suggested that Rb-Sr records the timing of 
mica crystallisation (Li et al., 1994, Sherlock et al., 1999, Glodny et al., 2008). This 
technique would not only compliment the 40Ar/39Ar age data, but would also place 
temporal constraints on when mica crystallised in the WGR.
(2) Further 40Ar/39Ar data from the plagioclase feldspar and alkali feldspar within the 
gneisses of the WGR, would allow the role that feldspars play as sinks for Ar during 
metamorphism to be further assessed.
(3) A transmission electron microprobe (TEM) study, coupled with in-situ laser ablation 
40Ar/39Ar analysis, could be employed to understand how microstructural defects within 
the micas (particularly in the white mica) affect the incorporation of excess Ar.
(4) A fluid inclusion study on the gneisses that record differing points along the P-T path 
from eclogite-facies conditions to amphibolite-facies conditions would provide information 
on the Ar isotopic composition of the fluid and how the concentration of Ar evolved and 
changed during the exhumation of the WGR.
(5) Further analysis of non-K-bearing mineral phases associated with the white mica and 
biotite (e.g. epidote, kyanite, quartz, garnet, and pyroxenes) to determine which phases act 
as sinks for Ar during the exhumation of the WGR.
(6) Solubility vs. diffusion study of the white mica and biotite would shed light on which 
of these fundamental processes ultimately control whether Ar is (re)incorporated in the 
minerals. Although diffusion of Ar out of minerals is believed to be the main process by 
which Ar is lost from the grain to the grain boundary network, it’s the solubility of Ar at 
the grain boundary-mineral interface that controls whether not Ar is reincorporated back 
into a mineral from the grain boundary. During recrystallization, deformation, 
migmatisation, and fluid influx, the boundary conditions are altered and may, or may not, 
favour the reincorporation of Ar into minerals. This study would shed light on the 
behaviour of Ar at the grain boundary-mineral interface.
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Verpeneset eclogite
Mineral abbreviations from Whitney & Evans (2010)
Ain -  allanite 
Ap -  apatite 
Cpx -  clinopyroxene 
Ep -  epidote 
Kfs -  K-feldspar 
Omp -  omphacite 
Qz -  quartz 
Ttn -  titanite
Also:
Sym -  symplectite
Amp -  amphibole 
Bt -  biotite 
Czo -  clinozoisite 
Grt -  garnet 
Ky -  kyanite 
PI -  plagioclase 
Rt -  rutile 
Zm -  zircon
WM -  white mica
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Eclogites
NF37: is a granoblastic eclogite from Krokkenakken containing an eclogite-facies of 
garnet, omphacite quartz, white mica, clinozoisite, and rutile. This peak assemblage has 
been partially overprinted by symplectites of clinopyroxene-plagioclase around omphacite; 
biotite-plagioclase symplectites around phengite and blue-green amphibole at the contact 
between garnet and omphacite. Phengite grains are 1-2 mm in length and have Si core-rim 
concentrations of 6.94-6.63 per 22 O per formula unit (pfu).
Garnets are anhedral to subhedral in shape and commonly contain concentric inclusions of 
quartz, white mica and omphacite. The garnets are almandine-pyrope in composition with 
a composition that range from Alm41.51Spso-1Py28-37Grs17.21. Omphacite show only show 
minor retrogression to symplectites along their grain boundaries and have a composition of 
Jd3o-39. Minor amphibole occurs around garnet and within the matrix as isolated grains. 
This amphibole is magnesiokatophorite-magnesiotaramite with minor barroisite 
components. The amphibole has a Si content that ranges from 5.92-7.00 and Mg# of 0.61- 
0.80. Epidote forms a minor component of this sample, occurring as isolated grains within 
the matrix and as inclusions in garnet and omphacite. The composition of the epidote 
ranges from XEp 0.23-0.47.
Fig. A l: A) Outcrop photo of sample NF37, B) Whole thin section image, C) close up of 
the eclogite NF37 showing the assemblage of garnet + omphacite + quartz + white mica 
+ rutile. Omphacite and white mica show varying degrees of symplectization, D) Close 
up of garnet showing inclusion-rich core and inclusion-poor rim.
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NF45: from Flatraket Harbour, is a coarse-grained granoblastic eclogite and contains a 
peak assemblage of garnet, omphacite, white mica, kyanite, and rutile. Polycrystalline 
quartz inclusions in omphacite and garnet are interpreted to represent the former presence 
of coesite. This peak eclogite-facies assemblage is partially replaced by symplectites of 
clinopyroxene-plagioclase around omphacite, biotite-plagioclase around phengite and blue- 
green amphibole at contacts between garnet and omphacite. The phengites from this 
locality display minor chemical zonation with Si concentrations that range from 6.81 pfu at 
the core to 6.52 pfu at the rims.
Garnets are large (-20  mm) and are anhedral with a ‘spongy’ texture. They are typically 
zoned core to rim with a pyrope-almandine in composition (Alm34.45SpS0-2Py30-49Grs14.22)- 
Omphacite show varying degrees of symplectization along the grain boundaries and has a 
composition that ranges from Jd34_42. The blue-green amphibole that occurs at the gamet- 
omphacite contact is magnesiokatophorite-magnesiotaramite with a composition that range 
from 5.76-7.60 Si per 23 O and Mg# of 0.59-0.86.
Omp * ‘
Fig. A2: A) Field photographs of the Flatraket eclogite, B) symplectised white mica 
surrounded by fine-grained pyroxene + plagioclase after omphacite, fractures in garnet 
are filled with blue-green amphibole, C) ‘spongy’ garnets with inclusion o f omphacite, 
white mica and rutile, D) omphacite showing undulose birefringence patterns.
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NF84: is from Drage, is a fine-grained granoblastic eclogite that is layered into garnet-rich 
and omphacite-rich bands. It contains a peak assemblage of garnet, omphacite, amphibole, 
carbonate, and rutile. There is no phengite present in this sample. Amphibole is a minor 
constituent and contains inclusions of vermicular quartz and is barroisitic in compositions. 
The composition of the amphibole ranges from 7.00-7.30 Si per 23 O and Mg# of 0.80- 
0.82.
Garnets are small (-0.5 mm) and have a fairly homogeneous almandine-pyrope 
composition of Alm44.47Spso-1Py38-42G rsn.15. Omphacite is fresh with little sign of 
symplectization. They are commonly anhedral in shape and have a composition of Jd24-28-
Fig. A3. Drage amphibole-bearing eclogite. A and B) close-up field photograph 
of the eclogite showing alternating garnet-rich and omphacite-rich layers, C) 
whole thin section image of eclogite sample NF84 showing a granular texture. 
The alternating garnet-rich and omphacite-rich layers are evident at the thin 
section level; D) clos up photomicrograph of eclogite NF84 showing isotropic 
garnets, omphacite and amphibole with contain vermicular inclusions of quartz.
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NF100: collected at Drage on the southern coast of the Stadlandet Peninsula, is a medium- 
grained granoblastic, eclogite with a peak metamorphic assemblage of garnet, omphacite, 
white mica, kyanite, and rutile. Two inclusions of polycrystalline quartz are present in 
garnet and are inferred to represent for coesite. The eclogite show minor symplectisation 
with clinopyroxene/amphibole-plagioclase symplectites after omphacite and biotite - 
plagioclase symplectites after phengite.
The white mica are commonly rimmed with very fine-grained biotite-plagioclase 
symplectites and have a typical core to rim compositions of 6.89-6.51 Si per 22 O. Garnets 
are subhedral to anhedral and range in size from 0.5-1.5 mmm. They are pyrope-almandine 
(Alm33_36Spso-iPy36-4iGrs22-28) in composition with moderate grossular content. Omphacite 
form anhedral grains between the garnets and have a composition of Jd22-32-
Fig. A4. The Drage kyanite-coesite-bearing eclogite. A) field photograph of the 
massive eclogite body showing a vein of amphibolite-facies minerals cross-cutting the 
eclogite, B) whole thin section image of eclogite NF100 showing a similar texture to 
the Flatraket eclogite NF45, C) photomicrograph showing the principal mineralogy of 
garnet + omphacite + white mica + rutile. Omphacite and white mica are variably 
symplectised, D) photomicrograph showing the anhedral morphology of the garnet and 
omphacite.
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Amphibolites
NF46: is the amphibolitised rind to the previously described eclogite, NF45. The principle 
eclogite-facies mineralogy of gamet-omphacite has been replaced an assemblage of biotite- 
amphibole-plagioclase with minor epidote, rutile and secondary calcite.
Amp,+ Bt
Garnet has been pseudomorphed into biotite-amphibole “clots” while the eclogite matrix is 
replaced with pyroxene/amphibole-plagioclase symplectites. Amphiboles are tschermakite- 
magnesiohomblende in composition and the biotite has compositions of Mg# 0.55-0.62 
and Ti 0.16-0.25 pfu. Plagioclase feldspar occurs within the symplectised matrix, 
associated with the amphibole. The plagioclase has a composition that ranges from 
andesine to oligoclase, with anorthite content of An 13.35. The epidote that is associated with 
the biotite and amphibole form isolated clusters of anhedral grains with compositions of 
XEp 0.53-0.70.
Fig. A5. Amphibole NF46 from Flatraket 
Harbour. A) field photograph of the amphibole 
showing the gradation from fresh eclogite to 
amphibolite over 10’s o f centimetres, B) whole 
thin section image of the amphibolite showing 
biotite + amphibole ‘clots’ that replace garnet in a 
matrix of amphibole + plagioclase, C) close up 
photomicrograph of the biotite + amphibole 
pseudomorph after garnet, D) close up 
photomicrograph of the amphibole + plagioclase 
matrix of the amphibolite.
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NF49: is a garnet amphibolite that represents a wholly retrogressed eclogite that is 
equilibrated with the country rock. This sample contains typical amphibolite-facies 
mineralogy of quartz, garnet, biotite, and amphibole with minor epidote. Accessory phases 
include rutile, chlorite and apatite.
Amphibole is ferrotschermakite-tschermakite in composition and biotite has a relatively 
homogeneous composition of Mg# 0.53-0.58 and Ti 0.19-0.29 pfu. The garnet also fairly 
homogeneous and are almandine-pyrope with a moderate grossular content (Alm52-63Spsi- 
6Py20-32Grs 11-17). Plagioclase is oligoclase-andesine in composition with anorthite content 
ranging from Ani9-3i. Epidote group minerals form small (0.5-1 mm) porphyroblasts that 
cross cut the biotite fabric. Epidote is commonly anhedral, unzoned and contains inclusions 
of the matrix phases (biotite, quartz, and plagioclase) with a composition that ranges from 
XEp 0.53-0.63.
Fig. A6 . Flatraket Harbour amphibolite NF49. A) Field photograph of the amphibolite 
lens, B) whole thin section image of the amphibolite, C and D) photomicrographs of the 
amphibolite showing a typical amphibolite-facies assemblage of garnet + quartz + 
plagioclase feldspar + biotite + amphibole.
A-7
Appendix A: Sample Petrography and Mineral Chemistry
Host Gneisses
Group 1 Gneisses: Garnet-bearing Gneisses
Group la  Gneisses: Garnet-bearing Gneisses with high-pressure relicts
Relicts of high-pressure (HP) gneisses are found in low-strain areas adjacent to the eclogite 
boudin at Krokkenakken. These low-strain regions preserve gneisses that are 
(near)isofacial to adjacent mafic eclogites.
NF40: is a medium-grained, unfoliated gneiss that is adjacent to the mafic eclogite. It 
contains a primary assemblage of garnet, quartz, and white mica with accessory phases of 
kyanite, rutile, apatite and zircon. Phengite is commonly rimmed with biotite-plagioclase 
symplectites.
The white mica forms the major fabric in this sample and is zoned from core to rim with Si 
ranging from 6 .83-6.31 Si per 22 O. Biotite form elongate sub-mm grains that border the 
white mica with only minor well-formed laths within the matrix. Chemically, the biotite is 
homogeneous with Mg# of 0 .58-0.61 and Ti 0 .17-0.24 pfu. Kyanite is associated with 
muscovite in the fabric and shows no retrogression to a lower pressure polymorph, 
indicating muscovite growth at peak metamorphic conditions.
Garnet form anhedral grains, many with embayed edges. Compositionally the garnets are 
almandine-pyrope with highly variable grossular content (Alm51-58Sps1.3Py26-35Grs9.22)- 
Garnets are inclusion-poor with only minor grains of quartz, rutile, and kyanite. The 
plagioclase associated with the biotite has narrow anorthite content, ranging from An22-29-
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Fig. A7. Group la  Gneiss, NF40. A) Field photograph of sample NF40, 
the dark green patches are relic omphacite, attesting to the high pressure 
experienced by this gneiss, B) whole thin section image, C -  D) 
photomicrographs of sample NF40 showing the principal mineralogy of 
quartz, garnet, white mica, kyanite, and rutile. Many of the white mica 
grains are rimmed with biotite-plagioclase symplectites, E) a layer of 
biotite + plagioclase symplectite that has replaced the original white mica.
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NF42: is a medium-grained, unfoliated and highly symplectised gneiss that contains a 
primary assemblage of garnet, quartz, and white mica-biotite with accessory phases of 
rutile, clinozoisite, and zircon. Symplectites of biotite-plagioclase and 
amphibole/clinopyroxene-plagioclase attest to the former presence of phengite and 
omphacite. Phengite is commonly rimmed with biotite-plagioclase symplectites
Large (~1 mm) relict phengite form the fabric the envelopes garnets and core-rim 
variations in Si ranging from 6.77-6.50 pfu. Biotites, observed to be the breakdown 
product of phengite, are Mg-rich with Mg# of 0.67.-0.73 and Ti 0.21-0.32. They form 
small (sub-micron) laths intergrown with plagioclase and large (~1 mm) clusters.
Garnets form sub- to euhedral grains, ranging from 0.5 -  1.5 mm in diameter. 
Compositionally the garnets are almandine-pyrope and are zoned from rim to core (Alni5i_ 
68Spso-3Pyi3-3iGrsi4-3i). Garnets are inclusion-rich with grains of quartz, kyanite, rutile, 
white mica, and apatite. The plagioclase associated with the biotite has a broad 
composition, with an anorthite content ranging from A nn.55.
Fig. A8 . Group la  gneiss, NF42. A) whole thin section image of NF42 showing large 
garnets in a heavily symplectised matrix, B -  E) photomicrographs of NF42 showing the 
samples mineralogy. B) randomly orientated biotite + plagioclase symplectite after white 
mica, C) relic white mica wrapping around garnet, D) idioblastic biotite that represent 
continued biotite growth from the symplectites. Top left is amphibole + plagioclase 
symplectite after omphacite.
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NF43: is a medium-grained, unfoliated gneiss that is in contact with a small mafic eclogite. 
It contains a primary assemblage of garnet, quartz, and white mica with accessory phases 
of clinozoisite, rutile, apatite, and zircon. Symplectites of biotite-plagioclase and 
amphibole/clinopyroxene-plagioclase attest to the former presence of phengite and 
omphacite. Phengite is commonly rimmed with biotite-plagioclase symplectites.
The white mica forms the major phase in this sample and is zoned from core to rim with Si 
ranging from 6.84-6.55 Si per 22 O. Biotite form elongate sub-mm grains that border the 
white mica with only minor well-formed laths within the matrix. Chemically, the biotite is 
homogeneous with Mg# of 0.52-0.56 and Ti 0.27-0.31 pfu.
Garnets form sub- euhedral grains, ranging from 0.5 -  1.5 mm in diameter. 
Compositionally the garnets are almandine-pyrope and are zoned from rim to core (Alm49_ 
55SpS1.5Py25-30Grs14.22)- Garnets are inclusion-rich with grains of quartz, white mica, and 
rutile.
Fig. A9. Group la gneiss, NF43. A) field photograph of the sample showing felsic 
gneisses interlayered with mafic eclogite, B) whole thin section image of sample 
NF43 showing felsic gneiss to the left of the image and heavily symplectised eclogite 
on the right, C -  D) photomicrographs in ppl and cpl showing the mineralogy of 
garnet + quartz + white mica with symplectites of biotite + plagioclase and 
amphibole + plagioclase.
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Group lb  Gneisses: Garnet-bearing Gneisses without high-pressure relicts
The most commonly occurring petrographic type of garnet-bearing gneiss. This type of 
gneiss occurs at all three localities of Krokkenakken, Flatraket Harbour, and Drage.
NF106: is a medium-grained, foliated gneiss that is close to the contact with the Group 2 
gneisses at Krokkenakken, described below. It contains a primary assemblage of gamet- 
quartz, white mica, biotite, and plagioclase with accessory phases of clinozoisite, rutile, 
apatite, and zircon. Phengite is commonly rimmed with biotite-plagioclase symplectites. 
The white mica and biotite forms major phases in this sample and the white mica is zoned 
from core to rim with Si ranging from 6.77-6.44 Si per 22 O. Biotite form elongate sub- 
mm grains that form distinct domains within the sample, with only minor well-formed 
laths within the matrix. Chemically, the biotite is homogeneous with Mg# of 0.50-0.54 and 
Ti 0.24-0.37 pfu. Garnets form sub- euhedral grains, ranging from 0.5 -  1.0 mm in 
diameter. Compositionally the garnets are almandine-pyrope and are zoned from rim to 
core (Alm5i-62Spso-iPyi2-22Grs22-3o)- Garnets are inclusion-rich with grains of quartz, white 
mica, apatite, clinozoisite and rutile. The plagioclase associated has a broad composition, 
with an anorthite content ranging from Ann-34.
Fig. A 10. Sample NF106. A) field photograph showing a mingling of felsic and mafic 
layers, B) whole thin section image, C -  D) photomicrographs of NF106 showing the 
felsic layers have a mineralogy of quartz + garnet + white mica and the mafic layers 
have a mineralogy of garnet + quartz + biotite + white mica. Many of the white mica in 
the mafic layer is symplectised to biotite + plagioclase.
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NF48: is a medium-grained, foliated gneiss from Flatraket Harbour. It contains a primary 
assemblage of garnet, quartz, white mica, biotite, and plagioclase with accessory phases of 
rutile, apatite, and zircon.
The white mica and biotite forms major phases in this sample and the white mica is zoned 
from core to rim with Si ranging from 6.70-6.26 Si per 22 O. Biotite form elongate sub- 
mm grains and define the fabric within the sample. Chemically, the biotite is homogeneous 
with Mg# of 0.51-0.54 and Ti 0.19-0.30 pfu.
Garnets form sub- euhedral grains, ranging from 0.5 -  1.0 mm in diameter. 
Compositionally the garnets are almandine-pyrope and are zoned from rim to core (AI1TI52- 
63SpS1.5Py20-32G rsn .17). Garnets are inclusion-poor with minor grains of quartz and rutile. 
The plagioclase associated has a broad composition, with an anorthite content ranging 
from An 19-31.
Fig. A l l .  Sample NF48. A) field photograph showing foliated, garnet-rich gneiss, B) 
whole thin section image, C -  E) photomicrographs of NF48 displaying the 
mineralogy of white mica + biotite + garnet + quartz + plagioclase. C) white mica 
fish, D) Sheared garnet indicating that this sample has experienced deformation.
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NF88: is a medium-grained, foliated gneiss from Drage. It contains a primary assemblage 
of garnet, quartz, white mica, biotite, and plagioclase with accessory phases of rutile, 
apatite, and zircon.
The white mica and biotite forms major phases in this sample and the white mica is zoned 
from core to rim with Si ranging from 6.72-6.25 Si per 22 O. Biotite form elongate sub- 
mm grains that define the fabric within the sample. Chemically, the biotite is homogeneous 
with Mg# of 0.44-0.47 and Ti 0.25-0.37 pfu.
Garnets form sub- anhedral grains, ranging from 0.5 -  1.0 mm in diameter. 
Compositionally the garnets are almandine-pyrope and are zoned from rim to core (Almss. 
6oSpsi-9Py9_25Grs 16-28)- Garnets are inclusion-poor with minor grains of quartz and rutile. 
The plagioclase associated has a broad composition, with an anorthite content ranging 
from An2i-32.
"A' *' «
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Fig. A 12. Sample NF88. A) field photograph of sample NF88. B -  D) photomicrograph 
showing the mineralogy of white mica + biotite + quartz + garnet. White mica form fish 
within the main biotite + plagioclase fabric. Also present are rare pleochroic allanite.
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NF89: is a medium-grained, foliated gneiss from Drage. It contains a primary assemblage 
of garnet, quartz, white mica, biotite, and plagioclase with accessory phases of rutile, 
apatite, and zircon.
The white mica and biotite forms major phases in this sample and the white mica is zoned 
from core to rim with Si ranging from 6.79.6.26 Si per 22 O. Biotite form elongate sub-mm 
grains that define the fabric within the sample. Chemically, the biotite is variable with Mg# 
of 0.42-0.51 and Ti 0.26-0.35 pfu.
Garnets form sub- anhedral grains, ranging from 0.5 -  1.0 mm in diameter. 
Compositionally the garnets are almandine-pyrope and are zoned from rim to core (Alm55. 
63Sps1-15Py12.30Grs11.17). Garnets are inclusion-poor with minor grains of quartz, white 
mica, and rutile. The plagioclase associated has a broad composition, with an anorthite 
content ranging from An2i-32.
Fig. A 13. Sample NF89. A) field photograph of the gneiss in outcrop, B -  D) 
photomicrographs of sample NF89 showing the mineralogy of white mica + biotite + 
garnet + quartz + plagioclase. White mica, like those of other group lb  gneisses forms 
fish. Many of the garnet show rounded to anhedral crystal. The fabric of this sample is 
defined by biotite + plagioclase.
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NF96: is a medium-grained, foliated gneiss from Drage. It contains a primary assemblage 
of garnet, quartz, white mica, biotite, and plagioclase with accessory phases of rutile, 
apatite, and zircon.
The white mica and biotite forms major phases in this sample and the white mica is zoned 
from core to rim with Si ranging from 6.77-6.17 Si per 22 O. Many of the white micas are 
kinked and folded. Biotite form elongate sub-mm grains that define the fabric within the 
sample. Chemically, the biotite is homogeneous with Mg# of 0.50-0.52 and Ti 0.27-0.32 
pfu.
Garnets form sub- anhedral grains, ranging from 0.5 -  1.0 mm in diameter. 
Compositionally the garnets are almandine-pyrope and are zoned from rim to core (Alni57- 
59Sps1.4Pyi8-21Grsi6.21)- Garnets are inclusion-poor with minor grains of quartz, white mica, 
and rutile. The plagioclase associated has a broad composition, with an anorthite content 
ranging from A nn.25.
Fig. A 14. Sample NF96. A) field photograph show group lb  gneisses in association 
with leucogranitic melt pods. B) whole thin section photomicrograph of sample NF96, 
C -  D) photomicrographs showing mineralogy of white mica + biotite + garnet + 
quartz + plagioclase. Garnets are rounded to anhedral and many of the white mica are 
kinked and deformed.
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NF99: is a medium-grained, foliated gneiss from Drage. It contains a primary assemblage 
of garnet, quartz, white mica, biotite, and plagioclase with accessory phases of rutile, 
apatite, and zircon.
The white mica and biotite forms major phases in this sample and the white mica is zoned 
from core to rim with Si ranging from 6.72-6.19 Si per 22 O. Biotite form elongate sub- 
mm grains that define the fabric within the sample. Chemically, the biotite is variable with 
Mg# of 0.46-0.53 and Ti 0.25-0.35 pfu.
Garnets form sub- anhedral grains, ranging from 0.5 -  1.0 mm in diameter. 
Compositionally the garnets are almandine-pyrope and are zoned from rim to core (Alm6o- 
63SpS1.3Py15.i8Grs17.22). Garnets are inclusion-poor with minor grains of quartz, white mica, 
and rutile. The plagioclase associated has a broad composition, with anorthite content 
ranging from Ann-26.
Fig. A 15. Sample NF99. A) field outcrop photograph showing cm-sized red garnets, B 
-  D) photomicrographs of sample NF99 showing mineralogy of white mica, biotite + 
quartz + garnet + plagioclase. White micas are kinked and deformed and many of the 
garnet are anhedral.
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Group lc  Gneisses: Garnet-bearing Gneisses without high-pressure relicts and white 
mica
Subordinate to the Group lb  gneisses are Group lc gneisses that contain neither white 
mica nor high-pressure relict. These gneisses are found at Flatraket Harbour and Drage and 
are generally associated adjacent to mafic eclogites or the Group 2 gneisses.
NF47: is a medium-grained, foliated gneiss from Flatraket Harbour and is located adjacent 
to the large, mafic eclogite. It contains a primary assemblage of garnet, quartz, biotite, 
plagioclase, and epidote with accessory phases of rutile, apatite, and zircon. The biotite 
forms the major K-bearing phase in this sample and form elongate sub-mm grains that 
define the fabric within the sample. Chemically, the biotite is variable with Mg# of 0.47- 
0.55 and Ti 0.23-0.35 pfu.
Garnets form anhedral grains, ranging from 0.5 -  1.0 mm in diameter. Compositionally the 
garnets are almandine-pyrope and are zoned from rim to core (Alm49-57Spsi-9Pyi6-29Grsi3- 
21). Garnets are inclusion-poor with minor grains of quartz and rutile. The plagioclase 
associated has a broad composition, with anorthite content ranging from An2i-37. Epidote 
group minerals form large (1-1.5 mm) porphyroblasts that cross cut the biotite fabric. 
Epidote is commonly anhedral, unzoned and contains inclusions of the matrix phases 
(biotite, quartz, and plagioclase) with a composition that ranges from XEp 0.53-0.58.
Fig. A 16. Sample 
NF47. A) field 
photograph of the 
outcrop showing 
the close 
relationship 
between sample 
NF47 and the 
amphibolite 
NF46. B -  C) 
photomicrographs 
showing the 
mineralogy of 
biotite + quartz + 
garnet + 
plagioclase + 
epidote.
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NF50: is a medium-grained, foliated gneiss from Flatraket Harbour. It is located close to 
the contact with the Group 2b gneiss at this locality. It contains a primary assemblage of 
garnet, quartz, biotite, plagioclase, and epidote with accessory phases of rutile, apatite, and 
zircon. The biotite forms the major K-bearing phase in this sample and form elongate sub- 
mm grains that define the fabric within the sample. Chemically, the biotite is variable with 
Mg# of 0.55-0.59 and Ti 0.18-0.32 pfu.
Garnets form anhedral grains, ranging from 0.5 - 1 .0  mm in diameter. Compositionally the 
garnets are almandine-pyrope and are zoned from rim to core (Alm48-54Spsi_2Py36-3iGrsi3- 
18). Garnets are inclusion-poor with minor grains of quartz, white mica, and rutile. The 
plagioclase associated has a broad composition, with anorthite content ranging from An22- 
38. Epidote group minerals form large (1-1.5 mm) porphyroblasts that cross cut the biotite 
fabric. Epidote is commonly unzoned and contains inclusions of the matrix phases (biotite, 
quartz, and plagioclase) with a composition that ranges from XEp 0.50-0.69. Several grains 
are cored by allanite.
Fig. A 17. Sample NF50. A) field photograph of the outcrop at Flatraket Harbour, B -  
C) photomicrographs showing the assemblage of garnet + biotite + quartz + 
plagioclase + epidote. Some of the epidote grains show pleochroic allanite cores.
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NF87: is a medium-grained, foliated gneiss from Drage and is located adjacent to an 
amphibolitised mafic eclogite. It contains a primary assemblage of garnet, quartz, biotite, 
and plagioclase with accessory phases of rutile, apatite, and zircon. The biotite forms the 
major K-bearing phase in this sample and form elongate sub-mm grains that define the 
fabric within the sample. Chemically, the biotite is variable with Mg# of 0.52-0.61 and Ti 
0.18-0.34 pfu.
Garnets form anhedral grains, ranging from 0.5 -  1.0 mm in diameter and many are heavily 
corroded. Compositionally the garnets are almandine-pyrope and are zoned from rim to 
core (Alni54-58SpSi-3Pyi9-25Grsi8-2i)- Garnets are inclusion-poor with minor grains of quartz, 
white mica, and rutile. The plagioclase associated has a broad composition, with anorthite 
content ranging from An26-54.
Fig. A18. Sample NF87. A) field photograph 
of sample NF87 showing its close association 
with an amphibolitised mafic eclogite. B -  D) 
photomicrographs of sample NF87 showing 
the mineralogy of garnet + biotite + quartz + 
plagioclase + epidote. Many of the garnets in 
this sample are heavily corroded.
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NF112: is a medium-grained, foliated gneiss from Flatraket Harbour. It is located close to 
the contact with the Group 2b gneiss at this locality. It contains a primary assemblage of 
garnet, quartz, biotite, and plagioclase with accessory phases of rutile, epidote, apatite, and 
zircon. The biotite forms the major K-bearing phase in this sample and form elongate sub- 
mm grains that define the fabric within the sample. Chemically, the biotite is homogeneous 
with Mg# of 0.53-0.58 and Ti 0.22-0.31 pfu.
Garnets form anhedral grains, ranging from 0.5 - 1 .0  mm in diameter. Compositionally the 
garnets are almandine-pyrope and are zoned from rim to core (Alm49_57Spsi_9Pyi6-29Grsi3- 
21). Garnets are inclusion-poor with minor grains of quartz, white mica, and rutile. The 
plagioclase associated has a broad composition, with anorthite content ranging from Ami- 
3 7 . Epidote group minerals form small (< 0.5 mm) anhedral porphyroblasts that cross cut 
the biotite fabric. Epidote is commonly unzoned and contains inclusions of the matrix 
biotite, quartz, and plagioclase.
Fig. A 19. Sample N F112. A) field photograph of sample N F112 showing its 
association with sample NF46, NF47 and NF48, B- C) photomicrographs showing the 
mineralogy of sample N F112 as biotite + garnet + quartz + plagioclase + epidote. In 
coarse quartz ribbon, relicts of biotite + plagioclase symplectites after white mica are 
preserved.
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Group 2 Gneisses: Biotite-epidote Gneisses
Group 2a Gneisses: Biotite-epidote Gneisses with relict garnet and white mica
Group 2a gneisses are located at the contact between the garnet-bearing gneisses 
documented above and the amphibolite-facies gneisses are the predominant lithology in the 
Outer Nordfjord area. These gneisses contain minor relicts of garnet and white mica, 
preserved from the garnet-bearing gneisses. The two samples analysed in this study were 
collected at Krokkenakken and Drage
NF98: is a medium-grained, foliated gneiss from Drage. It contains a primary assemblage 
of quartz, biotite, plagioclase, epidote, and alkali feldspar with accessory phases of garnet, 
white mica, apatite, rutile, and zircon. The biotite forms the major K-bearing phase in this 
sample and form elongate sub-mm grains that define the fabric within the sample. 
Chemically, the biotite is variable with Mg# of 0.46-0.51 and Ti 0.12-0.42 pfu.
White Mica form isolated laths within the matrix that range from 0.5-1mm in length. 
Chemically, the white mica is moderately zoned, with Si ranging from 6.56-6.24 from core 
to rim. Commonly, the white mica has corroded margins that contain alkali feldspar + 
quartz, indicating partial melting.
Garnets form anhedral grains, ranging from 0.5 -  1.0 mm in diameter and are heavily 
corroded. Compositionally the garnets are almandine-pyrope and are zoned from rim to 
core (Alm53-56SpSi_5Py9-nGrs3o-34). Garnets are inclusion-poor with minor grains of quartz 
and rutile. The plagioclase associated has a broad composition, with anorthite content 
ranging from An28-5i. Alkali feldspar form isolated grains within the matrix and are 
subordinate to plagioclase. Geochemically, the alkali feldspar has a composition that 
ranges from 0 ^ 2-94.
Epidote group minerals form large (1-1.5 mm) porphyroblasts that cross cut the biotite 
fabric. Epidote is commonly unzoned and contains inclusions of the matrix phases (biotite, 
quartz, and plagioclase) with a composition that ranges from XEp 0.55-0.62. Several grains 
are cored by allanite.
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Fig. A20. Sample NF98. A) field outcrop photograph of sample NF98, B -  D) 
photomicrographs showing the mineralogy of biotite + plagioclase + epidote + alkali 
feldspar. Relic garnets are heavily corroded and white mica show evidence of partial 
melting to alkali feldspar + quartz.
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NF105: is a medium-grained, foliated gneiss from Krokkenakken. It contains a primary 
assemblage of quartz, biotite, plagioclase, epidote, and alkali feldspar with accessory 
phases of garnet, white mica, apatite, titanite, and zircon. The biotite forms the major Re­
hearing phase in this sample and form elongate sub-mm grains that define the fabric within 
the sample. Chemically, the biotite is homogeneous with Mg# of 0.40-0.43 and Ti 0.32- 
0.39 pfu.
White Mica form isolated laths within the matrix that range from 0.5-1 mm in length. 
Chemically, the white mica is moderately zoned, with Si ranging from 6.38-6.25 from core 
to rim. Commonly, the white mica has corroded margins that contain alkali feldspar + 
quartz, indicating partial melting.
Garnets form rare anhedral grains that are -0 .5  mm in diameter and are heavily corroded. 
The plagioclase associated has a broad composition, with anorthite content ranging from 
An 18-30* Alkali feldspar form isolated grains within the matrix and are subordinate to 
plagioclase. Geochemically, the alkali feldspar has a composition that ranges from Or9i_97.
Epidote group minerals form large (1-1.5 mm) porphyroblasts that cross cut the biotite 
fabric. Epidote is commonly zoned and contains inclusions of the matrix phases (biotite, 
quartz, and plagioclase) with a composition that ranges from XEp 0.58-0.70. Several grains 
are cored by allanite.
A l  ^Ain
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Fig. A 21. A -  C) Photomicrographs of 
sample NF105 from Krokkenakken 
showing mineralogy of biotite + quartz 
+ plagioclase feldspar + epidote. Minor 
white mica are rare relicts within the 
sample and show signs of partial 
melting. Garnet (not shown) are heavily 
corroded.
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Group 2b Gneisses: Biotite-epidote Gneisses
Group 2b gneisses represent the majority of the amphibolite-facies gneisses that are the 
dominant lithology in the Outer Nordfjord area.
NF35: is a medium-grained, foliated gneiss from Krokkenakken. It contains a primary 
assemblage of quartz, biotite, plagioclase, and epidote with accessory phases of amphibole, 
apatite, titanite, alkali feldspar, and zircon. The biotite forms the major K-bearing phase in 
this sample and form elongate sub-mm grains that define the fabric within the sample. 
Chemically, the biotite is homogeneous with Mg# of 0.44-0.49 and Ti 0.26-0.37 pfu. 
Minor amphibole form sub-micron grains within the matrix and belong to the hornblende 
group.
The plagioclase associated has a broad composition, with anorthite content ranging from 
Ani5_32. Alkali feldspar form isolated augen within the matrix. In this sample, titanite forms 
the major Ti-bearing phase and several grains rim rutile, indicating titanite growth from 
rutile under amphibolite-facies conditions. Epidote group minerals form large (1-1.5 mm) 
porphyroblasts that cross cut the biotite fabric. Epidote is commonly zoned and contains 
inclusions of the matrix phases (biotite, quartz, and plagioclase) with a composition that
ranges from XEp 0.46-0.64.
Fig. A22. Sample NF35. A) field photograph of the outcrop at Krokkenakken showing 
foliated nature of the gneiss, B -  C) photomicrographs of NF35 showing mineralogy of 
biotite + epidote + quartz + plagioclase + alkali feldspar + titanite. Some titanite rim 
rutile.
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NF51: is a medium-grained, foliated gneiss from Flatraket Harbour. It contains a primary 
assemblage of quartz, biotite, plagioclase, and epidote with accessory phases of amphibole, 
apatite, titanite, and zircon. The biotite forms the major K-bearing phase in this sample and 
form elongate sub-mm grains that define the fabric within the sample. Chemically, the 
biotite is variable with Mg# of 0.49-0.55and Ti 0.14-0.31 pfu. Minor amphibole form sub­
micron grains within the matrix and belong to the hornblende group.
The plagioclase associated has a broad composition, with anorthite content ranging from 
An 12-26- Epidote group minerals form large (1-1.5 mm) porphyroblasts that cross cut the 
biotite fabric. Epidote is commonly zoned and contains inclusions of the matrix phases 
(biotite, quartz, titanite, and plagioclase) with a composition that ranges from XEp 0.42- 
0.76.
cdSTnm
Fig. A23. Sample NF51. A) field photograph of the outcrop at Flatraket. NF51 was 
collected below the trondhjemite layer. The ovoid grain within this layer is a titanite 
crystal, B -  D) photomicrographs of sample N F51 showing mineralogy of biotite + 
epidote + plagioclase + quartz + amphibole + titanite. Epidote porphyroblasts cross­
cut the biotite fabric.
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NF90: is a medium-grained, foliated gneiss from Drage. It contains a primary assemblage 
of quartz, biotite, plagioclase, and epidote with accessory phases of apatite, titanite, and 
zircon. Present in this sample are large (>2 mm) augen of alkali feldspar. The biotite form 
elongate sub-mm grains that define the fabric within the sample. Chemically, the biotite is 
variable with Mg# of 0.37-0.48 and Ti 0.19-0.41 pfu.
The plagioclase associated has a broad composition, with anorthite content ranging from 
An24-34. The alkali feldspar augen have a variable composition, with an orthoclase content 
ranging from ( > 7 7 .9 5 . Epidote group minerals form large (1-1.5 mm) porphyroblasts that 
cross cut the biotite fabric. Epidote is commonly zoned and contains inclusions of the 
matrix phases (biotite, quartz, and plagioclase) with a composition that ranges from XEp 
0.63-1.00. Many of the epidote grains are cored by brown, pleochroic allanite.
Fig. A24. Sample NF90. A) photograph of the outcrop at Drage showing alkali 
feldspar augen in a fine-grained matrix, B) whole thin section photograph of the 
sample, C -  D) photomicrographs showing mineralogy of biotite + epidote + quartz + 
plagioclase + alkali feldspar + titanite. Many of the epidote grains are cored with 
allanite. Alkali feldspar augen are sub-rounded and contain inclusions of quartz.
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NF91: is a fine-grained, migmatised gneiss from Drage. It contains a primary assemblage 
of quartz, biotite, plagioclase, epidote, and alkali feldspar with accessory phases of apatite, 
titanite, and zircon. The biotite form elongate sub-mm grains that define the fabric within 
the sample. Chemically, the biotite is variable with Mg# of 0.39-0.48 and Ti 0.21-0.35 pfu.
mrir-~
The plagioclase associated has a broad composition, with anorthite content ranging from 
Ani9_25. The alkali feldspar has a more homogeneous composition than the plagioclase, 
with an orthoclase content ranging from Or^-9i- Epidote group minerals form large (1-1.5 
mm) porphyroblasts that cross cut the biotite fabric. Epidote is commonly zoned and 
contains inclusions of the matrix phases (biotite, quartz, and plagioclase) with a 
composition that ranges from XEp 0.56-0.82. Many of the epidote grains are cored by 
brown, pleochroic allanite.
Fig. A25. Sample NF91. A) field photograph of 
the outcrop at Drage, the augen-rich layer is 
sample NF90, B) whole thin section 
photomicrograph of sample NF91., C -  D) 
photomicrographs showing sample mineralogy 
of biotite + epidote + quartz + plagioclase + 
alkali feldspar. Many epidote are cored with 
allanite.
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Flatraket Granulite 
Undeformed Granulite
NF44A: represents the undeformed granulite collected from within the quarry. It contains 
an assemblage of quartz, biotite, and plagioclase with minor garnet, and pyroxene. This 
sample also contain large (3-10 cm) augen of alkali feldspar that range from near-circular 
to ovoid in shape. The texture of these augen has been likened to that of rapakivi granite 
(Krabbendam2000). The biotite form ‘clots’ that separate quartz-rich domains from 
plagioclase-rich domains. The plagioclase forms a granoblastic texture that contains 
numerous fine-grained acicular crystals. These acicular crystals have been recorded by 
Wain2001 as clinozoisite and kyanite and were interpreted to represent the onset of static 
eclogitisation within the Flatraket granulite. Biotite from this sample ranges in composition 
from 0.41-0.43 Mg# and Ti 0.34-0.41.
Fig. A26. Sample NF44A. A) field outcrop photograph showing the rapakivi-like 
texture of the granulite, B) whole thin section photomicrograph, C -  D) 
photomicrographs showing mineralogy of biotite + quartz + plagioclase + 
clinopyroxene. The ‘fuzzy’ texture of the plagioclase is due to the presence of 
needles of clinozoisite + kyanite.
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Sheared Granulite
NF44F: was collected from a shear zone that cross-cuts the undeformed granulite. These 
shear zones have been interpreted to have formed under amphibolite-facies conditions 
(Corfu2013). The sample contains an assemblage of quartz, plagioclase, and biotite with 
minor alkali feldspar, epidote, and titanite. This sample is finer grained than NF44A, with 
no augen preserved. NF44F has a strong mylonitic fabric defined by alternating layers of 
biotite-rich and quartz-rich domains. Biotite from this sample has a different chemistry 
from those from the undeformed sample, with a composition of Mg# 0.45-0.46 and Ti 
0.30-0.35
Fig. A27. Sample NF44F. A) field outcrop photograph showing the texture of the 
sheared granulite, B) a large (1.5 x 1.5 m) boulder showing granulite with 
anastomosing shear zones, C -  D) photomicrographs showing the sheared granulite has 
an amphibolite-facie assemblage of quartz + biotite + plagioclase + alkali feldspar + 
epidote + titanite.
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%
Sample Lithology
NF35 Gneiss
NF37 Eclogite
NF40 Gneiss
NF42 Gneiss
NF43 Gneiss 
NF44A Granulite
NF44F Granulite
NF45 Eclogite
NF46 Amphibolite
NF47 Gneiss
NF48 Gneiss
NF49 Amphibolite
NF50 Gneiss
NF51 Gneiss
NF84 Eclogite
NF87 Gneiss
NF88 Gneiss
NF89 Gneiss
NF90 Gneiss
NF91 Gneiss
NF96 Gneiss
NF98 Gneiss
NF99 Gneiss
NF100 Eclogite
NF105 Gneiss
NF106 Gneiss
NF107 Gneiss
NF112 Gneiss
# Symplectites of bitoite-plagioclase after white mica and
clinopyroxene/amphibole-plagioclase symplectites after omphacite 
* poly crystalline quartz inclusions in garnet and omphacite interpreted 
as pseudomorphs after coesite
Table A l. A tabulated sample catalogue
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Electron Microprobe Analysis
B.l: NE35 Krokkenakken Biotite-Epidote Gneiss
61°54'53.73" N
005°20,16.49M E
Mineral___________ Biotite________Plagioclase Amphibole Epidote
Position Core Rim Feldspar
F 0.21 0.17 0.06 0.09 0.11
a 0.01 0.01 0.00 0.02 0.01
Na20 0.08 0.09 8.10 1.26 0.00
k2o 9.65 9.73 0.13 1.33 0.00
MgO 10.08 9.96 0.00 8.08 0.08
CaO 0.00 0.00 6.30 11.52 23.42
MnO 0.39 0.43 0.01 0.45 0.19
FeO 19.21 19.49 0.04 18.84 9.81
A120 3 16.24 16.30 24.72 13.20 24.84
Cr20 3 0.03 0.00 0.00 0.00 0.01
Si02 36.60 36.22 60.84 41.04 38.25
Ti02 2.27 2.60 0.00 0.78 0.14
Total 94.84 95.06 100.21 96.62 96.92
F 0.10 0.08 0.01 0.05 0.03
Cl 0.00 0.01 0.00 0.01 0.00
Na 0.02 0.03 0.70 0.38 0.00
K 1.90 1.91 0.01 0.26 0.00
Mg 2.32 2.29 0.00 1.86 0.01
Ca 0.00 0.00 0.30 1.90 2.03
Mn 0.05 0.06 0.00 0.06 0.01
Fe 2.48 2.51 0.00 2.43 0.67
A1 2.95 2.96 1.29 2.40 2.38
Cr 0.01 0.00 0.00 0.00 0.00
Si 5.64 5.58 2.70 6.34 3.10
Ti 0.26 0.30 0.00 0.09 0.01
Total 15.74 15.73 5.01 15.77 8.24
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Electron Microprobe Analysis 
B.2: NE37 Krokkenakken Eclogite 
61°54'53.73" N 
005°20'16.49" E
Mineral White Mica Garnet Omphacite Amphibole Epidote
Position Core Rim Core Rim Core Rim
F 0.04 0.00 0.00 0.00 0.01 0.02 0.09 0.01
a 0.00 0.00 0.00 0.00 0.01 0.00 0 0
Na20 0.52 0.40 0.03 0.01 5.53 5.57 3.36 0
k2o 10.59 10.63 0.00 0.00 0.00 0.00 0.45 0
MgO 4.13 3.80 8.80 9.67 9.98 9.99 15.03 0.2
CaO 0.00 0.02 7.82 8.09 14.81 14.66 9.47 23.65
MnO 0.01 0.02 0.37 0.31 0.00 0.01 0.06 0.09
FeO 1.53 1.76 22.02 20.37 3.67 3.60 8.16 6.76
A120 3 25.67 26.23 22.28 22.51 9.34 9.57 11.87 27.13
Cr20 3 0.07 0.18 0.05 0.03 0.05 0.05 0.04 0.1
Si02 51.78 49.62 38.79 39.62 54.93 54.59 48.55 38.83
Ti02 0.28 0.42 0.06 0.00 0.05 0.06 0.32 0.15
Total 94.64 93.09 100.22 100.61 98.38 98.14 97.4 96.94
F 0.02 0.00 0.00 0.00 0.00 0.00 0.04 0
a 0.00 0.00 0.00 0.00 0.00 0.00 0 0
Na 0.14 0.10 0.00 0.00 0.39 0.39 0.93 0
K 1.81 1.85 0.00 0.00 0.00 0.00 0.08 0
Mg 0.83 0.78 1.00 1.09 0.54 0.54 3.19 0.03
Ca 0.00 0.00 0.64 0.65 0.57 0.57 1.44 2.01
Mn 0.00 0.00 0.02 0.02 0.00 0.00 0.01 0.01
Fe 0.17 0.20 1.40 1.28 0.11 0.11 0.97 0.45
A1 4.05 4.23 2.00 2.00 0.40 0.41 2 2.54
Cr 0.01 0.02 0.00 0.00 0.00 0.00 0.01 0.01
Si 6.94 6.79 2.96 2.98 1.99 1.98 6.92 3.08
Ti 0.03 0.04 0.00 0.00 0.00 0.00 0.03 0.01
Total 14.00 14.03 8.04 8.02 4.01 4.01 15.62 8.14
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Electron Microprobe Analysis
B.3: NF40 Krokkenakken Garnet-bearing Gneiss with HP Relicts 
61°54'53.73" N 
005°20'16.49" E
Mineral White Mica Biotite Garnet Plagioclase Kyanitf
Position Core Rim Core Rim Core Mantle Rim Feldspar
F 0 .2 2 0.14 0.14 0 .2 2 0 .0 0 0 .0 0 0 .0 0 0 .1 2 0.05
a 0 .0 0 0.01 0 .01 0 .01 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
Na20 0.67 0.75 0.27 0.25 0.03 0.03 0 .01 9.05 0 .0 0
K20 9.44 9.70 8.61 8.92 0 .0 0 0 .0 0 0 .0 0 0.08 0 .0 0
MgO 2.58 2.16 12.58 12.43 8.38 6.93 6.97 0 .0 0 0 .0 0
CaO 0 .0 0 0 .0 0 0.13 0.06 4.28 7.90 5.21 4.79 0.01
MnO 0 .01 0 .0 0 0.07 0.05 1.36 0.54 0.83 0 .0 0 0 .0 0
FeO 2 .6 6 2.72 15.54 15.36 24.91 23.92 26.41 0.05 0.52
A120 3 28.41 29.72 17.94 17.90 22.04 21.80 21.60 23.53 61.88
Cr20 3 0 .0 2 0.01 0.04 0.03 0 .01 0 .01 0 .01 0.01 0.04
Si02 50.24 49.08 37.13 36.73 39.09 39.31 38.95 62.80 37.16
Ti02 0.33 0.56 1.89 1.95 0 .01 0 .01 0 .0 0 0 .0 0 0.01
Total 94.58 94.88 94.43 93.98 100.15 100.47 1 00 .00 100.43 99.66
F 0.09 0.06 0.07 0 .1 0 0 .0 0 0 .0 0 0 .0 0 0 .0 2 0.01
Cl 0 .0 0 0 .0 0 0 .0 0 0 .01 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
Na 0.18 0.19 0.08 0.08 0 .01 0 .0 0 0 .0 0 0.78 0 .0 0
K 1.62 1 .66 1.65 1.72 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
Mg 0.52 0.43 2.82 2.81 0.96 0.79 0.80 0 .0 0 0 .0 0
Ca 0 .0 0 0 .0 0 0 .0 2 0 .01 0.35 0.65 0.43 0.23 0 .0 0
Mn 0 .0 0 0 .0 0 0 .01 0 .01 0.09 0.04 0.05 0 .0 0 0 .0 0
Fe 0.30 0.31 1.95 1.95 1.60 1.53 1.71 0 .0 0 0 .01
A1 4.50 4.71 3.18 3.20 2 .0 0 1.97 1.97 1.23 1.98
Cr 0 .0 0 0 .0 0 0 .01 0 .01 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
Si 6.75 6.59 5.58 5.57 3.00 3.02 3.02 2.78 1.01
Ti 0.03 0.06 0 .21 0 .2 2 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
Total 14.00 14.01 15.58 15.68 8 .0 0 8 .0 0 8 .0 0 5.03 3.01
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.4: NF42 Krokkenakken Garnet-bearing Gneiss with HP Relicts
61°54'53.73" N
005°20,16.49"E
Mineral White Mica Biotite Garnet____________ Plagioclase Amphibole
Position Core Rim Core Rim Core Mantle Rim Feldspar
F 0.05 0 .0 2 0 .1 2 0.15 0 .0 0 0 .0 0 0 .0 0 0.03 0.04
a 0 .0 0 0 .01 0 .0 0 0 .0 0 0 .0 0 0 .01 0 .0 0 0 .0 0 0 .01
Na2 0 0.39 0.41 0.15 0 .1 0 0 .01 0.03 0 .01 5.61 1.13
k2o 9.59 9.92 9.07 8.76 0 .0 0 0 .0 0 0 .0 0 0.07 0.59
MgO 3.68 3.04 15.37 15.63 4.82 6.47 8.09 0 .0 0 14.04
CaO 0 .01 0 .0 0 0.03 0.08 6 .6 8 7.41 6 .1 2 10.71 11.76
MnO 0 .0 2 0 .0 0 0.03 0.03 0.83 0 .11 0.29 0 .0 2 0.08
FeO 1.99 1.81 12.96 12.59 28.33 25.66 24.93 0.06 9.28
AI2O3 27.32 29.00 16.95 17.40 21.44 21.84 2 2 .0 0 28.64 12.95
Q 2O3 0 .0 2 0.03 0.03 0 .0 2 0.04 0 .0 0 0 .0 0 0 .0 0 0.06
Si02 49.68 48.86 37.85 37.65 37.49 38.26 38.57 55.28 46.65
Ti02 0.19 0.41 2.27 2 .2 2 0 .0 2 0.06 0 .0 0 0 .0 0 0.53
Total 93.00 93.49 94.93 94.68 99.65 99.85 100.04 100.42 97.11
F 0 .0 2 0 .01 0.06 0.07 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 2
a 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
Na 0 .1 0 0 .11 0.04 0.03 0 .0 0 0 .01 0 .0 0 0.49 0.32
K 1.67 1.72 1.71 1.65 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .11
Mg 0.75 0.62 3.39 3.44 0.57 0.75 0.93 0 .0 0 3.01
Ca 0 .0 0 0 .0 0 0 .01 0 .01 0.57 0.62 0.51 0.52 1.81
Mn 0 .01 0 .0 0 0 .01 0 .01 0.05 0 .01 0 .0 2 0 .0 0 0 .01
Fe 0.23 0 .2 0 1.61 1.56 1 .88 1.67 1.61 0 .0 0 1 .12
A1 4.38 4.63 2.95 3.03 2 .0 0 2 .0 0 2 .0 0 1.52 2 .2 0
Cr 0 .0 0 0 .01 0 .01 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .01
Si 6.77 6.62 5.60 5.57 2.97 2.97 2.97 2.48 6.72
Ti 0 .0 2 0.04 0.25 0.25 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0.06
Total 13.94 13.95 15.64 15.61 8.03 8.03 8.03 5.01 15.38
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.5: NF43 Krokkenakken Garnet-bearing Gneiss with HP Relicts 
61°54,53.73" N 
005°20’16.49" E
Mineral White Mica Biotite Garnet Epidote
Position Core Rim Core Rim Core Rim
F 0.10 0.08 0.10 0.02 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Na20 0.20 0.17 0.13 0.09 0.02 0.00 0.01
k2o 10.41 10.59 9.53 9.46 0.00 0.00 0.40
MgO 3.29 2.74 10.61 10.64 7.34 7.90 1.07
CaO 0.00 0.02 0.00 0.00 6.69 6.53 21.96
MnO 0.02 0.00 0.17 0.16 1.00 0.72 0.17
FeO 2.68 2.69 17.21 17.38 24.62 24.22 9.63
A120 3 26.73 28.14 18.52 18.64 21.84 22.32 24.53
Cr20 3 0.07 0.07 0.04 0.05 0.01 0.04 0.04
Si02 50.25 48.80 35.81 35.74 38.22 38.49 38.45
Ti02 0.30 0.38 2.64 2.70 0.04 0.02 0.18
Total 94.07 93.68 94.81 94.92 99.85 100.29 96.45
F 0.04 0.03 0.05 0.01 0.00 0.00 0.00
a 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.05 0.04 0.04 0.03 0.00 0.00 0.00
K 1.80 1.84 1.85 1.83 0.00 0.00 0.04
Mg 0.67 0.56 2.40 2.40 0.85 0.90 0.13
Ca 0.00 0.01 0.00 0.00 0.56 0.54 1.91
Mn 0.00 0.00 0.02 0.02 0.07 0.05 0.01
Fe 0.30 0.31 2.19 2.21 1.60 1.56 0.65
A1 4.27 4.53 3.32 3.33 2.00 2.02 2.34
Cr 0.01 0.01 0.01 0.01 0.00 0.00 0.00
Si 6.82 6.66 5.44 5.42 2.96 2.96 3.12
Ti 0.03 0.04 0.30 0.31 0.00 0.00 0.01
Total 14.00 14.03 15.61 15.55 8.04 8.03 8.22
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.6: NE105 Krokkenakken Biotite-Epidote Gneiss with Relict White Mica 
61°54,53.73" N 
005°20'16.49" E
Mineral White Mica Biotite Plagioclase Alkali
Feldspar
Epidote
Position Core Rim Core Rim Feldspar
F 0.07 0.09 0.25 0.08 0.02 0.02 0.00
a 0.01 0.00 0.02 0.01 0.00 0.01 0.02
Na20 0.22 0.22 0.06 0.05 9.08 0.95 0.01
k 2o 10.79 10.82 9.63 9.56 0.17 15.21 0.00
MgO 2.17 2.16 8.85 8.72 0.01 0.00 0.08
CaO 0.00 0.00 0.00 0.00 4.53 0.02 23.27
MnO 0.02 0.03 0.54 0.56 0.00 0.00 0.29
FeO 4.56 4.55 20.98 20.83 0.10 0.03 10.07
A120 3 26.70 27.16 15.88 16.59 23.40 18.39 24.37
Cr20 3 0.00 0.03 0.00 0.00 0.00 0.00 0.00
Si02 48.05 47.80 34.65 34.12 62.74 63.41 37.87
Ti02 0.87 0.86 2.94 2.86 0.02 0.00 0.11
Total 93.46 93.72 93.80 93.41 100.07 98.04 96.07
F 0.03 0.04 0.13 0.04 0.00 0.00 0.00
a 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Na 0.06 0.06 0.02 0.02 0.78 0.09 0.00
K 1.91 1.91 1.95 1.94 0.01 0.91 0.00
Mg 0.45 0.45 2.09 2.06 0.00 0.00 0.01
Ca 0.00 0.00 0.00 0.00 0.21 0.00 2.04
Mn 0.00 0.01 0.07 0.08 0.00 0.00 0.02
Fe 0.53 0.53 2.78 2.76 0.00 0.00 0.69
A1 4.36 4.43 2.96 3.10 1.22 1.02 2.35
Cr 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Si 6.66 6.62 5.49 5.41 2.78 2.98 3.10
Ti 0.09 0.09 0.35 0.34 0.00 0.00 0.01
Total 14.10 14.12 15.85 15.74 5.01 5.01 8.22
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.7: NE106 Krokkenakken Garnet-bearing Gneiss without HP Relicts 
61054’53.73" N 
005°20’16.49" E
Mineral_________ White Mica_____________ Biotite________________Garnet________ Plagioclase
Position Core Rim Core Rim Core Rim Feldspai
F 0.00 0.00 0.14 0.21 0.00 0.00 0.00
Cl 0.01 0.00 0.01 0.02 0.01 0.01 0.01
Na20 0.32 0.46 0.08 0.09 0.03 0.03 9.12
k2o 10.29 10.32 8.84 9.34 0.00 0.00 0.19
MgO 2.62 1.06 11.32 11.47 3.64 4.01 0.00
CaO 0.00 0.01 0.06 0.01 9.76 11.02 4.27
MnO 0.01 0.00 0.16 0.17 0.25 0.53 0.00
FeO 2.95 2.85 18.38 17.95 27.13 24.88 0.03
A120 3 28.19 32.96 16.70 16.41 20.90 21.24 23.11
Cr20 3 0.03 0.00 0.02 0.01 0.00 0.01 0.00
Si02 47.75 43.72 36.26 36.78 38.58 38.35 63.36
Ti02 0.40 0.59 2.93 3.28 0.18 0.05 0.00
Total 92.58 91.97 94.90 95.74 100.48 100.11 100.09
F 0.00 0.00 0.07 0.10 0.00 0.00 0.00
a 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Na 0.09 0.13 0.02 0.03 0.01 0.00 0.78
K 1.82 1.84 1.72 1.80 0.00 0.00 0.01
Mg 0.54 0.22 2.57 2.59 0.43 0.47 0.00
Ca 0.00 0.00 0.01 0.00 0.82 0.92 0.20
Mn 0.00 0.00 0.02 0.02 0.02 0.04 0.00
Fe 0.34 0.33 2.34 2.27 1.78 1.63 0.00
A1 4.59 5.42 3.00 2.93 1.93 1.96 1.20
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Si 6.60 6.11 5.52 5.56 3.02 3.00 2.80
Ti 0.04 0.06 0.34 0.37 0.01 0.00 0.00
Total 14.02 14.11 15.61 15.68 8.01 8.02 5.00
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Appendix B: Electron Microprobe Analysis Dataset
Electron Mcroprobe Analysis
B.8: NF45 Flatraket Harbour Kyanite Eclogite
61o58'41.50" N
005°14'43.20" E
Mineral White Mica Garnet Omphacite Amphibole Kyanite
Position Core Rim Core Rim Core Rim
F 0.04 0.06 0.00 0.00 0.00 0.06 0.00 0.00
a 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00
Na20 0.56 0.58 0.00 0.02 6.35 6.25 4.48 0.01
k2o 10.64 10.56 0.00 0.00 0.00 0.00 0.06 0.01
MgO 3.82 4.02 13.32 11.60 9.39 9.42 10.21 0.00
CaO 0.02 0.03 6.66 7.74 14.34 14.40 9.09 0.02
MnO 0.00 0.01 0.19 0.32 0.02 0.01 0.21 0.00
FeO 1.32 1.43 17.02 17.89 2.60 2.76 12.48 0.34
A120 3 28.12 27.88 22.82 22.91 11.20 11.30 21.13 62.71
Cr20 3 0.09 0.09 0.06 0.01 0.14 0.06 0.06 0.07
Si02 50.48 50.39 39.08 38.96 55.34 55.16 38.94 35.91
Ti02 0.42 0.46 0.05 0.05 0.12 0.11 0.01 0.02
Total 95.51 95.52 99.22 99.53 99.51 99.53 96.66 99.09
F 0.02 0.03 0.00 0.00 0.00 0.01 0.00 0.00
a 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.14 0.15 0.00 0.00 0.44 0.43 1.29 0.00
K 1.80 1.79 0.00 0.00 0.00 0.00 0.01 0.00
Mg 0.76 0.80 1.49 1.30 0.50 0.50 2.25 0.00
Ca 0.00 0.00 0.53 0.62 0.55 0.55 1.44 0.00
Mn 0.00 0.00 0.01 0.02 0.00 0.00 0.02 0.00
Fe 0.15 0.16 1.07 1.13 0.08 0.08 1.55 0.01
A1 4.40 4.37 2.02 2.03 0.47 0.48 3.69 2.02
Cr 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00
Si 6.71 6.70 2.93 2.93 1.97 1.97 5.77 0.98
Ti 0.04 0.05 0.00 0.00 0.00 0.00 0.00 0.00
Total 14.04 14.06 8.06 8.05 4.01 4.02 16.03 3.01
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis 
B.9: NF46 Elatraket Harbour Amphibolite 
61°58'41.50" N 
005°14'43.20" E
Mineral___________ Biotite________Plagioclase Amphibole Epidote
Position Core Rim Feldspar
F 0.00 0.00 0.00 0.04 0.00
a 0.06 0.03 0.00 0.03 0.00
Na20 0.37 0.25 8.43 1.94 0.00
k2o 8.69 8.86 0.05 0.70 0.00
MgO 13.75 13.76 0.02 11.02 0.09
CaO 0.07 0.13 5.92 11.30 23.35
MnO 0.07 0.12 0.00 0.29 0.15
FeO 15.59 15.58 0.25 14.62 9.17
A120 3 16.73 16.59 24.47 14.02 25.28
Cr20 3 0.01 0.02 0.01 0.03 0.03
Si02 35.06 34.89 61.15 41.90 38.25
Ti02 2.00 1.85 0.00 0.41 0.00
Total 92.42 92.12 100.29 96.32 96.33
F 0.00 0.00 0.00 0.02 0.00
a 0.02 0.01 0.00 0.01 0.00
Na 0.11 0.08 0.72 0.56 0.00
K 1.72 1.75 0.00 0.14 0.00
Mg 3.17 3.18 0.00 2.48 0.01
Ca 0.01 0.02 0.28 1.83 2.03
Mn 0.01 0.02 0.00 0.03 0.01
Fe 2.02 2.02 0.01 1.85 0.62
A1 3.05 3.04 1.28 2.49 2.42
Cr 0.00 0.00 0.00 0.01 0.00
Si 5.42 5.42 2.71 6.32 3.10
Ti 0.23 0.21 0.00 0.05 0.00
Total 15.76 15.77 5.01 15.78 8.19
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.10: NF47 Elatraket Harbour Garnet-bearing Gneiss without White Mica or HP Relicts 
61°58'41.50" N 
005o14'43.20M E
Mineral___________ Biotite Garnet Plagioclase Epidote
Position Core Rim Core Rim Feldspar
F 0.06 0.17 0.00 0.00 0.03 0.05
a 0.07 0.07 0.01 0.00 0.00 0.01
Na20 0.15 0.19 0.01 0.00 7.94 0.00
K20 9.06 9.13 0.00 0.00 0.14 0.00
MgO 11.84 11.85 7.31 7.14 0.00 0.14
CaO 0.07 0.08 8.00 7.35 6.81 23.33
MnO 0.26 0.21 0.58 0.66 0.00 0.10
FeO 18.51 18.54 23.58 24.57 0.13 8.08
a i2o 3 16.04 16.04 21.69 21.91 25.48 26.49
Cr20 3 0.04 0.03 0.00 0.01 0.00 0.06
Si02 36.71 36.73 39.40 39.22 59.74 38.62
Ti02 2.80 2.62 0.02 0.01 0.00 0.19
Total 95.63 95.77 100.63 100.87 100.26 97.08
F 0.03 0.08 0.00 0.00 0.00 0.01
c i 0.02 0.02 0.00 0.00 0.00 0.00
Na 0.04 0.06 0.00 0.00 0.69 0.00
K 1.75 1.77 0.00 0.00 0.01 0.00
Mg 2.67 2.68 0.83 0.81 0.00 0.02
Ca 0.01 0.01 0.65 0.60 0.32 2.00
Mn 0.03 0.03 0.04 0.04 0.00 0.01
Fe 2.34 2.35 1.51 1.57 0.00 0.54
A1 2.87 2.87 1.96 1.97 1.34 2.50
Cr 0.01 0.01 0.00 0.00 0.00 0.00
Si 5.56 5.57 3.02 3.00 2.66 3.09
Ti 0.32 0.30 0.00 0.00 0.00 0.01
Total 15.66 15.76 8.34 8.34 5.02 8.18
B -ll
Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B .ll: NF48 Elatraket Harbour Garnet-bearing Gneiss without HP Relicts 
61°58'41.50" N 
005°14'43.20" E
Mineral White Mica Biotite Garnet Plagioclase
Position Core Rim Core Rim Core Rim Feldspar
F 0.07 0.15 0.13 0.13 0.00 0.00 0.02
Cl 0.00 0.00 0.04 0.03 0.00 0.00 0.00
Na20 0.53 0.63 0.14 0.10 0.00 0.00 9.25
k2o 9.90 9.89 9.18 9.31 0.00 0.00 0.09
MgO 1.98 1.38 10.62 10.69 7.92 7.43 0.00
CaO 0.00 0.05 0.02 0.02 5.41 5.35 4.34
MnO 0.00 0.00 0.14 0.15 0.65 0.63 0.03
FeO 2.51 2.67 18.22 18.22 25.67 26.16 0.07
A120 3 29.28 31.17 17.73 17.88 21.63 21.54 23.17
Cr20 3 0.01 0.02 0.02 0.00 0.02 0.00 0.00
Si02 48.86 46.60 35.76 36.07 39.01 39.06 63.27
Ti02 0.73 0.91 2.43 2.35 0.04 0.01 0.00
Total 93.89 93.48 94.48 94.96 100.38 100.18 100.23
F 0.03 0.07 0.07 0.07 0.00 0.00 0.00
a 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Na 0.14 0.17 0.04 0.03 0.00 0.00 0.79
K 1.71 1.73 1.79 1.81 0.00 0.00 0.00
Mg 0.40 0.28 2.43 2.43 0.91 0.86 0.00
Ca 0.00 0.01 0.01 0.00 0.45 0.44 0.21
Mn 0.00 0.00 0.02 0.02 0.04 0.04 0.00
Fe 0.29 0.30 2.34 2.32 1.65 1.69 0.00
A1 4.68 5.03 3.20 3.21 1.96 1.96 1.21
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Si 6.62 6.38 5.48 5.49 3.00 3.02 2.79
Ti 0.07 0.09 0.28 0.27 0.00 0.00 0.00
Total 13.94 14.05 15.67 15.65 8.02 8.00 5.01
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis 
B.12: NF49 Flatraket Harbour Amphibolite 
61°58'41.50" N 
005°14'43.20" E
Mineral Biotite Garnet Plagioclase Amphibole Epidote
Position Core Rim Core Rim Feldspar
F 0.04 0.10 0.00 0.00 0.00 0.00 0.00
a 0.06 0.04 0.00 0.01 0.00 0.04 0.00
Na20 0.12 0.14 0.00 0.03 7.60 1.36 0.00
k2o 9.20 9.20 0.00 0.00 0.04 1.00 0.00
MgO 12.25 12.38 8.02 5.28 0.00 9.39 0.14
CaO 0.00 0.02 6.78 6.49 7.32 10.57 23.55
MnO 0.20 0.19 0.55 2.88 0.02 0.44 0.09
FeO 17.80 17.30 23.83 25.61 0.05 16.58 8.18
A120 3 16.96 16.97 21.63 21.34 25.67 14.74 26.12
Cr20 3 0.03 0.04 0.01 0.03 0.03 0.04 0.02
Si02 36.67 37.09 39.36 38.33 59.39 41.74 38.38
Ti02 2.37 2.24 0.01 0.03 0.03 0.41 0.18
Total 95.77 95.73 100.25 100.05 100.15 96.30 96.66
F 0.02 0.05 0.00 0.00 0.00 0.00 0.00
a 0.02 0.01 0.00 0.00 0.00 0.01 0.00
Na 0.03 0.04 0.00 0.01 0.66 0.40 0.00
K 1.77 1.76 0.00 0.00 0.00 0.20 0.00
Mg 2.75 2.77 0.92 0.62 0.00 2.12 0.02
Ca 0.00 0.01 0.56 0.55 0.35 1.72 2.03
Mn 0.03 0.02 0.04 0.19 0.00 0.06 0.01
Fe 2.24 2.17 1.53 1.68 0.00 2.10 0.55
A1 3.01 3.00 1.95 1.97 1.35 2.63 2.47
Cr 0.01 0.01 0.00 0.00 0.00 0.01 0.00
Si 5.52 5.57 3.02 3.00 2.65 6.33 3.08
Ti 0.27 0.25 0.00 0.00 0.00 0.05 0.01
Total 15.66 15.66 8.00 8.02 5.01 15.62 8.17
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.13: NF50 Elatraket Harbour Garnet-bearing Gneiss without white mica or HP Relicts 
61°58'41.50" N 
005°14'43.20M E
Mineral___________ Biotite_______________ Garnet________ Plagioclase Epidote
Position Core Rim Core Rim Feldspar
F 0.09 0.18 0.00 0.00 0.00 0.00
a 0.05 0.05 0.00 0.00 0.01 0.00
Na20 0.16 0.14 0.02 0.01 7.63 0.00
k2o 9.04 9.05 0.00 0.00 0.07 0.00
MgO 12.71 12.46 8.17 7.14 0.00 0.15
CaO 0.03 0.02 6.84 6.57 7.22 23.48
MnO 0.18 0.23 0.54 0.84 0.00 0.17
FeO 17.10 17.01 23.77 25.36 0.10 8.01
A120 3 16.13 16.51 22.02 21.90 25.78 26.66
Cr20 3 0.02 0.06 0.01 0.03 0.00 0.02
Si02 36.26 36.20 37.77 37.70 59.70 37.43
Ti02 2.34 2.24 0.02 0.01 0.00 0.17
Total 94.18 94.17 99.16 99.57 100.51 96.13
F 0.04 0.09 0.00 0.00 0.00 0.00
a 0.01 0.01 0.00 0.00 0.00 0.00
Na 0.05 0.04 0.00 0.00 0.66 0.00
K 1.77 1.77 0.00 0.00 0.00 0.00
Mg 2.90 2.84 0.95 0.83 0.00 0.02
Ca 0.01 0.01 0.57 0.55 0.34 2.03
Mn 0.02 0.03 0.04 0.05 0.00 0.01
Fe 2.19 2.18 1.55 1.66 0.00 0.54
A1 2.91 2.98 2.02 2.01 1.35 2.54
Cr 0.00 0.01 0.00 0.00 0.00 0.00
Si 5.54 5.54 2.94 2.94 2.65 3.03
Ti 0.27 0.26 0.00 0.00 0.00 0.01
Total 15.71 15.76 8.06 8.05 5.01 8.19
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.14: NF51 Flatraket Harbour Biotite-Epidote Gneiss
61o58'41.50" N
005°14'43.20M E
Mineral Biotite Plagioclase Alkali Amphibole Epidott
Position Core Rim Feldspar Feldspar
F 0.13 0.15 0.04 0.12 0.02 0.16
a 0.05 0.04 0.00 0.01 0.04 0.01
Na20 0.24 0.24 9.79 8.37 1.51 0.02
k2o 9.28 9.27 0.41 3.32 1.13 0.00
MgO 11.34 11.33 0.00 0.47 9.56 0.17
CaO 0.06 0.08 3.10 0.26 11.44 22.71
MnO 0.25 0.24 0.01 0.00 0.44 0.07
FeO 19.24 18.94 0.06 0.32 16.56 7.04
A120 3 15.30 15.13 22.10 23.64 13.86 27.16
Cr20 3 0.00 0.00 0.00 0.00 0.00 0.02
Si02 36.19 36.16 65.00 62.42 41.66 37.14
Ti02 2.59 2.58 0.01 0.00 0.60 0.15
Total 94.72 94.25 100.53 98.94 96.85 94.64
F 0.06 0.07 0.01 0.02 0.01 0.04
a 0.01 0.01 0.00 0.00 0.01 0.00
Na 0.07 0.07 0.83 0.73 0.44 0.00
K 1.83 1.83 0.02 0.19 0.22 0.00
Mg 2.61 2.62 0.00 0.03 2.16 0.02
Ca 0.01 0.01 0.15 0.01 1.86 1.99
Mn 0.03 0.03 0.00 0.00 0.06 0.01
Fe 2.48 2.45 0.00 0.01 2.10 0.48
A1 2.78 2.77 1.14 1.25 2.48 2.62
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Si 5.59 5.60 2.85 2.81 6.32 3.04
Ti 0.30 0.30 0.00 0.00 0.07 0.01
Total 15.79 15.79 5.01 5.05 15.73 8.21
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.15: NE112 Flatraket Harbour Garnet-bearing Gneiss without white mica or HP Relicts 
61°58'41.50M N 
005°14'43.20M E
Mineral White Mica# Biotite Garnet Plagioclase
Position Core Rim Core Rim Core Rim Feldspar
F 0.10 0.05 0.07 0.06 0.00 0.00 0.00
a 0.01 0.00 0.06 0.05 0.01 0.01 0.01
Na20 0.31 0.42 0.14 0.12 0.05 0.03 8.73
k2o 9.88 10.29 9.34 9.39 0.00 0.00 0.19
MgO 3.15 1.93 12.54 12.44 7.21 3.74 0.00
CaO 0.02 0.01 0.03 0.04 6.95 7.01 5.27
MnO 0.04 0.02 0.21 0.20 0.66 5.14 0.00
FeO 2.37 2.48 16.27 15.83 25.01 24.69 0.05
A120 3 26.15 30.89 17.31 16.74 21.21 21.16 23.84
Q 2O3 0.03 0.01 0.00 0.03 0.02 0.02 0.00
Si02 50.54 47.52 36.71 36.57 39.03 38.53 62.50
Ti02 0.40 0.56 2.47 2.53 0.06 0.00 0.00
Total 93.01 94.17 95.15 94.00 100.22 100.32 100.60
F 0.04 0.02 0.03 0.03 0.00 0.00 0.00
a 0.00 0.00 0.02 0.01 0.00 0.00 0.00
Na 0.08 0.11 0.04 0.03 0.01 0.00 0.75
K 1.72 1.78 1.79 1.83 0.00 0.00 0.01
Mg 0.64 0.39 2.82 2.82 0.83 0.44 0.00
Ca 0.01 0.00 0.01 0.01 0.58 0.59 0.25
Mn 0.01 0.00 0.03 0.03 0.04 0.34 0.00
Fe 0.27 0.28 2.05 2.01 1.61 1.62 0.00
A1 4.21 4.93 3.07 3.00 1.93 1.96 1.24
Cr 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Si 6.90 6.44 5.52 5.57 3.02 3.03 2.76
Ti 0.04 0.06 0.28 0.29 0.00 0.00 0.00
Total 13.92 14.01 15.65 15.64 8.02 7.99 5.00
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.16: NF87 Drage Garnet-bearing Gneiss without white mica and HP Relicts 
62°06,08.3" N 
005°12'48.0" E
Mineral_________White Mica# Biotite________________Garnet________ Plagioclase
Position Core Rim Core Rim Core Rim Feldspa
F 0.18 0.06 0.04 0.07 0.05 0.00 0.01
a 0.01 0.00 0.03 0.03 0.00 0.00 0.00
Na20 0.49 0.54 0.14 0.10 0.01 0.02 6.51
k2o 10.19 10.20 9.13 9.46 0.00 0.00 0.11
MgO 1.81 1.45 11.86 11.81 6.09 5.98 0.01
CaO 0.00 0.00 0.09 0.07 7.36 7.49 9.38
MnO 0.02 0.00 0.15 0.15 0.68 0.83 0.00
FeO 1.84 1.67 16.23 16.18 26.18 26.17 0.10
A120 3 30.09 31.60 17.79 18.26 21.01 21.00 27.54
Cr20 3 0.00 0.00 0.05 0.04 0.01 0.00 0.00
Si02 48.12 47.12 37.07 37.06 38.76 38.64 57.03
Ti02 0.96 1.11 1.98 1.62 0.10 0.06 0.02
Total 93.70 93.76 94.57 94.85 100.26 100.19 100.71
F 0.08 0.03 0.02 0.03 0.01 0.00 0.00
a 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Na 0.13 0.14 0.04 0.03 0.00 0.00 0.56
K 1.77 1.77 1.75 1.82 0.00 0.00 0.01
Mg 0.37 0.29 2.67 2.65 0.71 0.69 0.00
Ca 0.00 0.00 0.02 0.01 0.61 0.62 0.45
Mn 0.00 0.00 0.02 0.02 0.05 0.05 0.00
Fe 0.21 0.19 2.05 2.04 1.70 1.70 0.00
A1 4.82 5.05 3.16 3.24 1.93 1.93 1.45
Cr 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Si 6.55 6.39 5.59 5.58 3.02 3.01 2.54
Ti 0.10 0.12 0.23 0.18 0.01 0.00 0.00
Total 14.01 13.97 15.54 15.60 8.03 8.02 5.02
# n.b. small white mica are relict grains preserved within quartz ribbons
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.17: NFS8 Drage Garnet-bearing Gneiss without HP Relicts 
62°06'08.3" N 
005°12’48.0" E
Mineral White Mica Biotite Garnet Plagioclase
Position Core Rim Core Rim Core Rim Feldspar
F 0.10 0.00 0.09 0.12 0.00 0.00 0.00
Cl 0.01 0.00 0.03 0.03 0.01 0.01 0.00
Na20 0.46 0.54 0.11 0.10 0.03 0.01 8.33
k2o 10.33 10.45 9.44 9.39 0.00 0.00 0.13
MgO 1.64 1.03 9.36 9.37 4.11 2.71 0.01
CaO 0.01 0.01 0.01 0.05 9.93 10.73 6.19
MnO 0.02 0.01 0.16 0.20 0.79 2.60 0.00
FeO 2.22 1.99 20.20 19.81 26.16 25.62 0.01
A120 3 30.65 32.55 17.84 18.35 20.89 20.29 24.25
Cr20 3 0.00 0.00 0.02 0.01 0.00 0.00 0.01
Si02 47.12 45.88 35.98 35.80 38.18 37.87 61.35
Ti02 1.20 1.12 2.64 2.50 0.05 0.04 0.00
Total 93.76 93.58 95.87 95.74 100.13 99.90 100.29
F 0.04 0.00 0.04 0.06 0.00 0.00 0.00
a 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Na 0.12 0.14 0.03 0.03 0.00 0.00 0.72
K 1.79 1.82 1.83 1.83 0.00 0.00 0.01
Mg 0.34 0.21 2.12 2.13 0.48 0.32 0.00
Ca 0.00 0.00 0.00 0.01 0.84 0.92 0.29
Mn 0.00 0.00 0.02 0.03 0.05 0.18 0.00
Fe 0.25 0.23 2.57 2.52 1.72 1.70 0.00
A1 4.92 5.23 3.20 3.29 1.94 1.90 1.27
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Si 6.42 6.25 5.48 5.45 3.00 3.01 2.72
Ti 0.12 0.12 0.30 0.29 0.00 0.00 0.00
Total 14.02 14.00 15.63 15.64 8.03 8.04 5.01
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.18: NF89 Drage Garnet-bearing Gneiss without HP Relicts 
62o06'08.3" N 
005°12'48.0" E
Mineral_________ White Mica_____________Biotite_______________ Garnet________ Plagioclase Epidote
Position Core Rim Core Rim Core Rim Feldspar
F 0.05 0.10 0.00 0.18 0.00 0.00 0.00 0.00
a 0.00 0.00 0.05 0.05 0.01 0.00 0.00 0.08
Na20 0.35 0.37 0.13 0.10 0.00 0.03 8.11 0.16
k2o 10.54 10.81 9.59 9.60 0.00 0.00 0.20 0.01
MgO 1.38 1.05 9.25 9.27 7.20 7.67 0.00 0.39
CaO 0.01 0.00 0.00 0.02 4.73 4.79 6.55 18.92
MnO 0.02 0.03 0.36 0.39 0.85 0.72 0.00 0.16
FeO 2.71 2.70 19.52 19.27 27.68 26.97 0.07 8.91
a i20 3 30.61 32.00 17.82 17.91 21.29 21.43 24.85 21.82
Cr20 3 0.01 0.02 0.04 0.04 0.00 0.01 0.00 0.03
Si02 47.09 46.16 35.83 36.05 38.60 38.42 60.75 35.33
Ti02 1.13 0.74 3.02 2.87 0.08 0.03 0.00 0.18
Total 93.93 93.98 95.60 95.75 100.42 100.08 100.53 85.97
F 0.02 0.04 0.00 0.09 0.00 0.00 0.00 0.00
a 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01
Na 0.09 0.10 0.04 0.03 0.00 0.00 0.70 0.03
K 1.83 1.89 1.86 1.87 0.00 0.00 0.01 0.00
Mg 0.28 0.21 2.10 2.11 0.83 0.89 0.00 0.05
Ca 0.00 0.00 0.00 0.01 0.39 0.40 0.31 1.83
Mn 0.01 0.01 0.04 0.05 0.06 0.05 0.00 0.01
Fe 0.31 0.31 2.49 2.46 1.80 1.75 0.00 0.68
A1 4.92 5.15 3.20 3.22 1.95 1.96 1.30 2.33
Cr 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Si 6.42 6.31 5.46 5.49 3.00 2.98 2.69 3.20
Ti 0.12 0.08 0.35 0.33 0.00 0.00 0.00 0.01
Total 14.00 14.09 15.56 15.66 8.03 8.04 5.01 8.16
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis 
B.19: NF90 Drage Biotite-Ejxdote Gneiss 
62°06'08.3M N 
005°12,48.0'1 E
Mineral Biotite Plagioclase Alkali
Feldspar
Epidote
Position Core Rim Feldspar
F 0.15 0.17 0.00 0.00 0.12
a 0.05 0.04 0.00 0.01 0.00
Na20 0.06 0.04 7.99 1.83 0.00
k2o 9.60 8.01 0.21 14.24 0.00
MgO 7.67 6.63 0.00 0.00 0.09
CaO 0.00 2.29 6.57 0.02 23.48
MnO 0.31 0.29 0.00 0.01 0.29
FeO 22.34 20.44 0.10 0.03 9.72
A120 3 16.43 16.22 24.66 18.46 24.65
Cr20 3 0.00 0.01 0.01 0.00 0.02
Si02 36.02 38.19 60.61 64.46 38.15
Ti02 2.78 2.37 0.01 0.03 0.17
Total 95.39 94.70 100.15 99.08 96.69
F 0.07 0.08 0.00 0.00 0.03
a 0.01 0.01 0.00 0.00 0.00
Na 0.02 0.01 0.69 0.16 0.00
K 1.90 1.57 0.01 0.84 0.00
Mg 1.78 1.52 0.00 0.00 0.01
Ca 0.00 0.37 0.31 0.00 2.05
Mn 0.04 0.04 0.00 0.00 0.02
Fe 2.90 2.63 0.00 0.00 0.66
A1 3.01 2.94 1.29 1.01 2.36
Cr 0.00 0.00 0.00 0.00 0.00
Si 5.60 5.87 2.70 2.99 3.10
Ti 0.32 0.28 0.00 0.00 0.01
Total 15.66 15.32 5.01 5.01 8.25
B-20
Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis 
B.20: NF91 Drage Biotite-E^sdote Gneiss 
62°06,08.3" N 
005°12,48.0M E
Mineral Biotite Plagioclase Alkali Epidote
Position_______Core______ Rim Feldspar Feldspar__________
F 0.32 0.32 0.00 0.00 0.00
a 0.07 0.07 0.01 0.01 0.01
Na20 0.07 0.06 9.17 0.55 0.00
k2o 9.60 9.57 0.14 15.96 0.00
MgO 7.96 8.05 0.01 0.00 0.12
CaO 0.04 0.03 4.56 0.02 21.69
MnO 0.44 0.43 0.03 0.00 0.28
FeO 22.22 22.50 0.07 0.02 9.21
A120 3 15.54 15.42 23.39 18.42 23.83
Cr20 3 0.01 0.00 0.02 0.00 0.03
Si02 36.12 35.89 62.78 64.08 36.31
Ti02 2.61 2.37 0.04 0.01 0.08
Total 95.00 94.72 100.22 99.07 91.56
F 0.16 0.16 0.00 0.00 0.00
a 0.02 0.02 0.00 0.00 0.00
Na 0.02 0.02 0.79 0.05 0.00
K 1.93 1.93 0.01 0.95 0.00
Mg 1.86 1.89 0.00 0.00 0.02
Ca 0.01 0.01 0.22 0.00 1.99
Mn 0.06 0.06 0.00 0.00 0.02
Fe 2.92 2.97 0.00 0.00 0.66
A1 2.88 2.87 1.22 1.01 2.40
Cr 0.00 0.00 0.00 0.00 0.00
Si 5.67 5.67 2.78 2.99 3.10
Ti 0.31 0.28 0.00 0.00 0.01
Total 15.82 15.86 5.01 5.00 8.19
B-21
Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.21: NF96 Drage Garnet-bearing Gneiss without HP Relicts 
62°06'08.3M N 
005°12'48.0" E
Mineral White Mica Biotite Garnet Plagioclase
Position Core Rim Core Rim Core Rim Feldspar
F 0.12 0.00 0.24 0.11 0.00 0.00 0.05
a 0.01 0.01 0.06 0.05 0.00 0.00 0.00
Na20 0.52 0.53 0.07 0.06 0.04 0.01 9.32
k2o 10.53 10.51 9.59 8.57 0.00 0.00 0.10
MgO 1.78 0.85 10.41 11.00 5.01 4.78 0.00
CaO 0.01 0.01 0.00 0.02 7.97 6.92 4.12
MnO 0.04 0.00 0.22 0.22 0.62 1.91 0.00
FeO 2.84 2.50 18.95 19.07 27.11 27.42 0.06
A120 3 30.00 32.69 17.85 17.81 21.46 21.96 23.10
Cr20 3 0.04 0.03 0.04 0.03 0.04 0.00 0.00
Si02 47.98 45.57 36.09 34.73 38.09 37.21 63.89
Ti02 1.19 0.90 2.74 2.57 0.08 0.03 0.02
Total 95.06 93.61 96.25 94.24 100.43 100.25 100.66
F 0.05 0.00 0.12 0.06 0.00 0.00 0.01
a 0.00 0.00 0.02 0.01 0.00 0.00 0.00
Na 0.14 0.14 0.02 0.02 0.01 0.00 0.79
K 1.82 1.83 1.85 1.69 0.00 0.00 0.01
Mg 0.36 0.18 2.35 2.53 0.59 0.56 0.00
Ca 0.00 0.00 0.00 0.00 0.67 0.59 0.19
Mn 0.01 0.00 0.03 0.03 0.04 0.13 0.00
Fe 0.32 0.29 2.40 2.46 1.77 1.81 0.00
A1 4.77 5.27 3.18 3.23 1.98 2.04 1.20
Cr 0.01 0.01 0.01 0.01 0.00 0.00 0.00
Si 6.48 6.23 5.47 5.35 2.98 2.93 2.81
Ti 0.12 0.09 0.31 0.30 0.01 0.00 0.00
Total 14.06 14.03 15.75 15.68 8.03 8.05 5.01
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.22: NF98 Drage Biotite-Epidote Gneiss with Relict White Mica and Garnet 
62°06,083" N 
005°12'48.0" E
Mineral White Mica Biotite Garnet Plagioclase Alkali
Feldspar
Epidote
Position Core Rim Core Rim Core Rim Feldspar
F 0.04 0.10 0.06 0.21 0.00 0.00 0.05 0.00 0.00
a 0.01 0.00 0.02 0.02 0.01 0.00 0.01 0.00 0.00
Na20 0.22 0.25 0.10 0.07 0.03 0.03 7.58 0.81 0.00
K20 10.81 10.78 9.68 9.67 0.00 0.00 0.20 15.55 0.00
MgO 1.90 1.33 10.31 10.64 2.76 2.79 0.01 0.00 0.10
CaO 0.00 0.01 0.02 0.02 12.56 12.44 7.13 0.03 23.42
MnO 0.02 0.00 0.23 0.25 0.66 0.61 0.02 0.00 0.12
FeO 4.34 4.23 18.89 18.84 24.85 24.94 0.07 0.13 9.02
ai2o3 28.12 30.13 17.72 17.44 20.97 21.00 25.87 18.72 26.11
Cr20 3 0.02 0.00 0.02 0.05 0.00 0.02 0.00 0.00 0.00
Si02 47.63 46.04 35.90 36.16 38.23 38.46 59.09 64.03 37.00
Ti02 1.23 0.94 2.29 2.27 0.01 0.05 0.00 0.00 0.19
Total 94.34 93.80 95.22 95.64 100.08 100.34 100.03 99.27 95.95
F 0.02 0.04 0.03 0.10 0.00 0.00 0.01 0.00 0.00
a 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Na 0.06 0.07 0.03 0.02 0.01 0.01 0.66 0.07 0.00
K 1.89 1.90 1.89 1.88 0.00 0.00 0.01 0.92 0.00
Mg 0.39 0.28 2.34 2.42 0.32 0.33 0.00 0.00 0.01
Ca 0.00 0.00 0.01 0.01 1.06 1.04 0.34 0.00 2.05
Mn 0.00 0.00 0.03 0.03 0.05 0.04 0.00 0.00 0.01
Fe 0.50 0.49 2.41 2.40 1.64 1.64 0.00 0.00 0.62
A1 4.55 4.91 3.18 3.14 1.94 1.94 1.36 1.03 2.51
Cr 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Si 6.53 6.36 5.48 5.51 3.01 3.02 2.64 2.98 3.02
Ti 0.13 0.10 0.26 0.26 0.00 0.00 0.00 0.00 0.01
Total 14.07 14.14 15.67 15.77 8.02 8.01 5.02 5.01 8.22
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis
B.23: NF99 Drage Garnet-bearing Gneiss without HP Relicts#
62°06'08.3"N
005°12'48.0M E
Mineral White Mica Biotite Garnet Plagioclase
Position Core Rim Core Rim Core Rim Feldspar
F 0.11 0.00 0.12 0.08 0.00 0.00 0.10
a 0.00 0.01 0.04 0.08 0.00 0.01 0.01
Na20 0.36 0.52 0.11 0.09 0.02 0.03 8.71
K20 10.22 10.41 9.54 8.96 0.00 0.00 0.14
MgO 2.32 0.97 9.96 9.76 4.20 4.33 0.00
CaO 0.02 0.03 0.02 0.05 7.74 7.87 5.23
MnO 0.01 0.02 0.18 0.20 0.60 0.59 0.01
FeO 2.68 2.71 19.45 20.42 28.32 27.73 0.04
A120 3 28.40 32.56 17.90 17.96 21.33 21.64 23.98
Cr20 3 0.01 0.00 0.00 0.03 0.03 0.00 0.00
Si02 49.65 45.31 35.96 35.12 37.90 38.02 62.00
Ti02 0.86 0.42 2.34 2.51 0.01 0.04 0.02
Total 94.64 92.96 95.60 95.26 100.15 100.26 100.23
F 0.04 0.00 0.06 0.04 0.00 0.00 0.01
a 0.00 0.00 0.01 0.02 0.00 0.00 0.00
Na 0.09 0.14 0.03 0.03 0.00 0.00 0.75
K 1.75 1.83 1.85 1.75 0.00 0.00 0.01
Mg 0.47 0.20 2.26 2.23 0.49 0.51 0.00
Ca 0.00 0.01 0.01 0.01 0.65 0.66 0.25
Mn 0.00 0.00 0.02 0.03 0.04 0.04 0.00
Fe 0.30 0.31 2.48 2.62 1.87 1.82 0.00
A1 4.51 5.29 3.22 3.25 1.98 2.00 1.25
Cr 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Si 6.69 6.24 5.48 5.40 2.99 2.98 2.75
Ti 0.09 0.04 0.27 0.29 0.00 0.00 0.00
Total 13.96 14.06 15.69 15.67 8.03 8.02 5.02
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Appendix B: Electron Microprobe Analysis Dataset
Electron Microprobe Analysis 
B.24: NF100 Drage Kyanite Eclogite 
62°06,08.3" N 
005°12'48.0" E
Mineral_________ White Mica Garnet Omphacite Kyanite
Position Core Rim Core Rim Core Rim
F 0.02 0.00 0.00 0.00 0.00 0.06 0.00
a 0.01 0.01 0.00 0.00 0.00 0.00 0.01
Na20 0.40 0.33 0.02 0.01 4.71 4.74 0.00
k2o 10.56 10.64 0.00 0.00 0.01 0.01 0.01
MgO 4.19 3.31 10.35 10.02 11.09 11.06 0.00
CaO 0.03 0.03 10.44 10.04 17.27 17.34 0.01
MnO 0.00 0.00 0.37 0.39 0.02 0.03 0.00
FeO 1.20 1.21 16.66 17.44 2.68 2.72 0.26
A120 3 26.46 28.29 22.04 22.19 9.27 9.42 63.09
Cr20 3 0.07 0.09 0.05 0.02 0.06 0.04 0.11
Si02 50.20 47.06 40.01 39.89 54.92 54.53 36.87
Ti02 0.44 0.67 0.05 0.02 0.11 0.19 0.01
Total 93.59 91.65 100.00 100.02 100.15 100.11 100.35
F 0.01 0.00 0.00 0.00 0.00 0.01 0.00
a 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.10 0.09 0.00 0.00 0.33 0.33 0.00
K 1.83 1.89 0.00 0.00 0.00 0.00 0.00
Mg 0.85 0.69 1.16 1.12 0.59 0.59 0.00
Ca 0.01 0.01 0.84 0.81 0.66 0.66 0.00
Mn 0.00 0.00 0.02 0.02 0.00 0.00 0.00
Fe 0.14 0.14 1.04 1.10 0.08 0.08 0.01
A1 4.23 4.63 1.95 1.97 0.39 0.40 2.00
Cr 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Si 6.80 6.54 3.00 3.00 1.96 1.95 0.99
Ti 0.04 0.07 0.00 0.00 0.00 0.00 0.00
Total 14.02 14.06 8.03 8.02 4.01 4.02 3.01
B-25
Appendix B: Electron Microprobe Analysis Dataset
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Appendix E: XRF Datasets
Appendix E:
Whole Rock XRF Dataset
The beach at Rifvika
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Appendix E: XRF Datasets
Methodology:
Major elements were determined using sample-glass discs prepared by fusing a 5:1 ratio 
mix of lithium metaborate/tetraborate flux (Spectroflux 105) and powdered samples 
prepared by jaw crushing and tema mill. Aliquots of ~3 g of sample powder were dried 
overnight in porcelain crucibles in an over at ~ 100 °C. 3.5900g of flux and 0.7000g of 
sample powder were weighted into platinum crucibles and stirred with a glass rod to ensure 
homogeneity, before being fired in a furnace at 1100 °C for ~ 20 minutes. Sample mixtures 
were stirred every 5 minutes to remove gas bubbles and promote homogeneity.
The melt was poured into a pre-heated brass mould and formed using a sprung press. Discs 
were left to cool prior to analysis. 1.2g of sample powder from the dried aliquots was 
weighed to four decimal places into pre-ignited alumina crucibles. Samples were ignited in 
the furnace at 1000 °C for one hour, cooled for 15 minutes and reweighed to four decimal 
places. The difference in weight before and after ignition was used to assess the mass loss 
on ignition for each sample.
Trace elements were determined from pressed sample powder pellets formed by 
thoroughly mixing approximately 9.5 g of sample powder with 0.9 ml of 
Polyvinylpyrollidone(PVP)-methyl cellulose binder using the ‘bag technique’ (Watson 
1996). The mixture was emptied into a hardened steel mould and formed into a pellet using 
a hydraulic press. The sample pellets were dried overnight in the oven at ~ 100 °C prior to 
analysis.
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Appendix F:
DifFArg_inverse Model Results
Kjenndalsbreen glacier
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Appendix F: DiffArg_inverse Model Results
F.l: White Mica Linear Models
T(°C)
Grain Radius 
(mm)
Cooling
Rate
(°CMa'1)
Age Diff 
(Ma) T(°C)
Grain
Radius
(mm)
Cooling
Rate
CCMa1)
Age Diff 
(Ma)
5 2.246 5 9.267
10 0.802 10 3.580
0.25 25 0.204 0.25 25 0.964
50 0.070 50 0.350
70 0.041 70 0.211
5 1.138 5 5.329
10 0.396 10 1.942
450 0.5 25 0.090 500 0.5 25 0.503
50 0.025 50 0.180
70 0.012 70 0.108
5 0.520 5 2.798
10 0.153 10 1.001
1 25 0.022 1 25 0.255
50 0.004 50 0.089
70 0.001 70 0.052
Cooling
_____ Grain Radius „  . Age DiffT ( C) , . Rate * T ( C) 
(mm) - (Ma)
(°CMa )
Grain
Radius
(mm)
Cooling
Rate
CCMa'1)
Age Diff 
(Ma)
5 29.248 5 49.248
10 13.500 10 23.500
0.25 25 4.784 0.25 25 8.740
50 2.151 50 4.151
70 1.456 70 2.879
5 24.683 5 44.683
10 11.147 10 21.147
600 0.5 25 3.804 700 0.5 25 7.804
50 1.645 50 3.645
70 1.088 70 2.512
5 19.829 5 39.828
10 8.643 10 18.642
1 25 2.759 1 25 6.758
50 1.109 50 3.105
70 0.703 70 2.120
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F.2: White Mica 1/T Models
Cooling
_,__ _ Grain Radius „  ,
T ( C) , , Rate (mm)
(°CMa )
Age Diff 
(Ma)
5 0.626
10 0.220
0.25 25 0.053
50 0.014
70 0.009
5 0.302
10 0.097
450 0.5 25 0.053
50 0.014
70 0.009
5 0.107
10 0.024
1 25 0.002
50 0.000
70 0.000
T (°C)
Grain Radius 
(mm)
Cooling
Rate
(°CMa_1)
Age Diff 
(Ma)
5 10.301
10 4.611
0.25 25 1.560
50 0.672
70 0.445
5 8.145
10 3.535
600 0.5 25 1.130
50 0.458
70 0.126
5 5.995
10 2.461
1 25 0.710
50 0.265
70 0.163
T(°C)
Grain
Radius
Cooling
Rate Age Diff 
(Ma)
(mm) CCMa1)
5 2.636
10 0.967
0.25 25 0.251
50 0.090
70 0.054
5 1.397
10 0.500
500 0.5 25 0.127
50 0.045
70 0.026
5 0.711
10 0.251
1 25 0.061
50 0.019
70 0.010
T(°C)
Grain
Radius
(mm)
Cooling
Rate
CCMa1)
Age Diff 
(Ma)
5 18.073
10 8.455
0.25 25 3.045
50 1.409
70 0.924
5 15.660
10 7.234
700 0.5 25 2.572
50 1.170
70 0.794
5 13.260
10 6.019
1 25 2.097
50 0.930
70 0.623
Appendix F: DiffArgJnverse Model Results
F.3: Biotite Linear Models
T(°C)
Grain Radius 
(mm)
Cooling
Rate
CCMa1)
Age Diff 
(Ma)
T(°C)
Grain
Radius
(mm)
Cooling
Rate
CCMa1)
Age Diff 
(Ma)
5 26.214 5 36.213
10 12.111 10 17.110
0.25 25 4.298 0.25 25 6.296
50 1.934 50 2.933
70 1.298 70 2.005
5 22.165 5 32.160
10 10.020 10 15.015
450 0.5 25 3.425 500 0.5 25 5.421
50 1.484 50 2.480
70 0.974 70 1.678
5 17.846 5 27.828
10 7.793 10 12.775
1 25 2.501 1 25 4.483
50 1.014 50 1.995
70 0.639 70 1.328
T(°C)
Grain Radius 
(mm)
Cooling
Rate
CCMa1)
Age Diff 
(Ma) T(°C)
Grain
Radius
(mm)
Cooling
Rate
CCMa'1)
Age Diff 
(Ma)
5 56.213 5 76.082
10 27.110 10 37.043
0.25 25 10.296 0.25 25 14.296
50 4.933 50 6.918
70 3.459 70 4.875
5 52.160 5 72.159
10 25.015 10 35.015
600 0.5 25 9.420 700 0.5 25 13.420
50 4.479 50 6.479
70 3.129 70 4.546
5 47.826 5 67.826
10 22.772 10 32.772
1 25 8.481 1 25 12.481
50 3.993 50 5.993
70 2.774 70 4.192
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F.4: Biotite 1/T Modelsr.** ui 1 ivi a i
™ —  Grain Radius 
T ( C > (mm)
Cooling
Rate
CCMa1)
Age Diff 
(Ma)
5 11.313
10 5.079
0.25 25 1.727
50 0.748
70 0.492
5 9.004
10 3.926
450 0.5 25 1.268
50 0.521
70 0.332
5 6.706
10 2.785
1 25 0.822
50 0.310
70 0.189
T(°C)
Grain Radius 
(mm)
Cooling
Rate
C’CMa1)
Age Diff 
(Ma)
5 25.134
10 11.918
0.25 25 4.238
50 2.073
70 1.437
5 22.574
10 10.589
600 0.5 25 3.866
50 1.793
70 1.237
5 19.781
10 9.192
1 25 3.308
50 1.514
70 1.037
T(°C)
Grain
Radius
Cooling
Rate Age Diff 
(Ma)
(mm) CCMa*1)
5 15.990
10 7.377
0.25 25 2.624
50 1.188
70 0.800
5 13.517
10 6.141
500 0.5 25 2.130
50 0.942
70 0.625
5 11.046
10 4.906
1 25 1.637
50 0.696
70 0.452
T(°C)
Grain
Radius
Cooling
Rate Age Diff 
(Ma)
(mm) O’CMa'1)
5 34.522
10 16.550
0.25 25 6.248
50 2.960
70 2.060
5 31.295
10 14.948
700 0.5 25 5.650
50 2.649
70 1.838
5 28.214
10 13.275
1 25 4.980
50 2.337
70 1.616
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